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O contínuo aumento de consciência ambiental na sociedade em geral tem levado a um 
consequente aumento na investigação e desenvolvimento de processos e produtos 
sustentáveis, com impactos ambientais mínimos e que utilizem preferencialmente recursos 
renováveis. Esta preocupação ambiental é a força motriz por trás do trabalho de investigação 
aqui desenvolvido, na medida em que é uma tentativa de desenvolver um processo 
ambientalmente sustentável e economicamente atractivo para produzir um polímero 
biológico e biodegradável, capaz de substituir os plásticos convencionais produzidos a partir 
de petróleo. 
Os polihidroxialcanoatos (PHAs) são polímeros 100% biodegradáveis, produzidos 
biologicamente. Além disso, estes polímeros são termoplásticos, com características 
semelhantes às do polipropileno e polietileno e podem ser produzidos a partir de fontes de 
carbono renováveis como resíduos e produtos secundários, permitindo um processo 
sustentável em todas as frentes. Os PHAs podem ter uma vasta gama de aplicações, desde 
produtos de baixo valor acrescentado, como filmes plásticos de embalagem, até produtos de 
elevado valor para uso médico e para a indústria farmacêutica. 
Os polihidroxialcanoatos são bio-poliésteres sintetisados por bactérias como reservas 
intracelulares de carbono, energia e poder redutor e são acumulados na forma de grânulos 
intracelulares. Até à data, já foram identificados mais de 300 microrganismos diferentes 
produtores de PHAs, embora nem todos tenham potencial para serem usados em produção 
em larga escala. Também já foram identificados mais de 90 monómeros diferentes como 
constituintes dos PHAs. Os monómeros mais comuns encontrados nos PHAs bacterianos 
são o 3-hidroxibutirato (3HB) e o 3-hidroxivalerato (3HV). 
A produção industrial destes polímeros tem sido levada a cabo com culturas puras de 
estirpes bacterianas naturais or estirpes recombinantes. Estes organismos podem alcançar 
rendimentos de acumulação elevados, mas requerem condições de produção onerosas, tais 
como esterilidade rigorosa. Além disso, são usados substractos puros, geralmente caros 
como glucose ou ácido propiónico como fonte de carbono. Estas condições particulares 
contribuem para o elevado custo de produção dos PHAs, em comparação com os polímeros 
convencionais e têm sido um obstáculo considerável à substituição destes. 
A tentativa de desenvolver um processo economicamente mais eficiente tem contribuido 
para um interesse cada vez maior por culturas mistas, como lamas activadas. A composição 
destas culturas não é conhecida, embora sejam enriquecidas em organismos com uma 
elevada capacidade de acumulação de PHAs. Os organismos são seleccionados pelas 
condições operacionais impostas ao biorreactor. O uso de culturas mistas permite o uso de 
substractos complexos e baratos ou até de custo zero como resíduos ou produtos 
secundários, uma vez que a população microbiana pode adaptar-se continuamente a 
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alterações no substracto. A necessidade de condições estéreis rigorosas deixa de existir, 
sendo mais um contributo para a redução dos custos de produção. Além disso, já foi 
demonstrado que os PHAs sintetisados por culturas mistas têm propriedades físicas 
semelhantes às dos polímeros produzidos por culturas puras. 
Os organismos acumuladores de glicogénio (glycogen-accumulating organisms – GAOs) 
estão a emergir como uma opção interessante para a produção de PHAs por culturas mistas. 
Até há pouco tempo, os GAOs eram considerados organismos indesejados em processos de 
remoção biológica de fósforo (enhanced biological phosphorous removal – EBPR), sendo 
estudados essencialmente para compreender como é que a sua presença nestes processos 
de tratamento poderia ser evitada. No entanto, a sua capacidade para armazenar carbono, 
essencialmente ácidos orgânicos voláteis (em inglês, volatile fatty acids – VFAs), sob a 
forma de PHAs fez incidir sobre estes microrganismos um tipo de atenção diferente. 
Os GAOs podem consumir uma fonte externa de carbono solúvel (geralmente VFAs) sob 
condições anaeróbias e armazená-lo sob a forma de PHAs. Para isso, consomem a sua 
reserva interna de glicogénio (previamente acumulada sob condições aeróbias) para 
obterem energia, poder redutor e precursores. Na fase aeróbia subsequente, os PHAs são 
usados como uma fonte de carbono, energia e poder redutor para crescimento e 
manutenção celular e reposição da reserva de glicogénio. O metabolismo particular dos 
GAOs permite facilmente enriquecê-los num reactor, alternando continuamente as condições 
entre anaerobiose e aerobiose e fornecendo a fonte externa de carbono no iníco da fase 
anaeróbia. Desta forma, só perduram no reactor organismos capazes de sobreviver durante 
a fase aeróbia do ciclo sem uma fonte externa de carbono. 
Durante este trabalho foi operado com sucesso um SBR (sequencing batch reactor) 
enriquecido em GAOs. A cultura foi seleccionada com melaços de cana de açúcar 
fermentados (constituídos por uma mistura de acetato, propionato, butirato e valerato) como 
fonte de carbono e com condições anaeróbias-aeróbias cíclicas, como foi explicado acima. 
Foi confirmado que o fenótipo GAO estava presente no reactor, através da realização de 
vários estudos de ciclo onde ficou clara a alternância entre os PHAs e o glicogénio. Embora 
o fenótipo GAO nunca se tenha perdido, ocorreram alterações no metabolismo da cultura ao 
longo de um ano de operação do reactor. Inicialmente, a cultura só produzia 3HB, 3HV e 
uma quantidade residual do que foi mais tarde identificado como 3-hidroxi-hexanoato (3HH). 
A análise dos PHAs produzidos durante os estudos de ciclo realizados revelou que a 
composição do polímero foi mudando ao longo do tempo. Novos monómeros começaram a 
ser produzidos – 3-hidroxi-2-metilbutirato (3H2MB) e o 3-hidroxi-2-metilvalerato (3H2MV) e o 
3HH tornou-se cada vez mais relevante ao longo do tempo. Estes resultados mostram que a 
cultura se estava a adaptar lenta mas continuamente à fonte de carbono e às condições 
operacionais, mas acima de tudo mostram que esta cultura consegue produzir um 
copolímero de monómeros de cadeia curta (short-chain length – SCL) e de monómeros de 
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cadeia média (medium-chain length – MCL), algo que havia sido reportado apenas para 
processos com culturas puras. 
Esta alteração metabólica foi acompanhada por uma alteração na composição da cultura. A 
cultura em que inicialmente predominava Candidatus Competibacter phosphatis (pertencente 
ao filo Gamaproteobacteria), passou a estar mais enriquecida em bactérias que se agrupam 
em tétradas (pertencentes ao filo Alfaproteobacteria), embora todos sejam 
reconhecidamente GAOs. 
Relativamente às experiências de acumulação de polímero, foram realizadas três 
experiências aeróbias com melaços fermentados como fonte de carbono. O conteúdo de 
PHAs mais elevado que se obeteve foi 37% relativamente ao peso celular seco. O 
rendimento de acumulação de PHAs em função dos VFAs consumidos mais elevado que se 
obteve (0.938 Cmmol/Cmmol) é bastante promissor. Esta experiência em particular, resultou 
na produção de um terpolímero de 3HB, 3HV e 3HH com a seguinte proporção monomérica: 
56.2:43:0.8 em %mol. 
Das três experiências de acumulação realizadas com melaços fermentados, foi estabelecido 
que é melhor usar uma estratégia de alimentação com pulsos de carbono de baixa 
concentração, do que pulsos com elevada concentração de carbono, visto que desta forma 
são atingidos rendimentos de acumulação de PHAs mais elevados. Também foi observado 
que a acumulação de PHA pára quando o glicogénio deixa de ser degradado, apesar de 
ainda haver VFAs para consumir. Estes, por sua vez foram sempre totalmente consumidos, 
mesmo depois de o polímero deixar de ser acumulado. 
O resultado das experiências realizadas com melaços fermentados levou a questionar o 
papel do glicogénio durante a acumulação aeróbia de PHAs. Assim, foram realizadas quatro 
experiências de acumulação de polímero com cada um dos VFAs presentes nos melaços 
fermentados: acetato, propionato, butirato e valerato. Estas experiências revelaram que o 
glicogénio só é consumido quando a cultura é alimentada com acetato e que o acetato e o 
valerato são os VFAs preferidos pela cultura para síntese de polímero. Não foi possível 
esclarecer completamente o efeito limitante do glicogénio na acumulação de PHAs. Há 
outros factores que podem influenciar este processo. No entanto, a experiência conduzida 
com acetato mostrou que o glicogénio não é consumido para além de um determinado nível 
e que quando a degradação do glicogénio pára, o polímero tambem deixa de ser sintetisado, 
mesmo ainda havendo carbono disponível. Também foi demonstrado que o monómero 3HH 
só é sintetisado quando as experiências de acumulação são feitas com melaços 
fermentados. Este monómero não foi produzido em nenhuma das experiências com VFAs 
sintéticos. 
O polímero produzido a partir dos melaços fermentados revelou ter boas características 
físicas: baixa cristalinidade, temperatura de transição vítrea baixa e pesos moleculares 
médios e polidispersão dentro dos valores esperados para culturas mistas. A temperatura de 
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fusão é mais baixa que a temperatura de fusão de um homopolímero de 3HB, mas a 
temperatura de decomposição permanece elevada, tornando o polímero fácil de processar. 
No geral, o processo estudado durante este ano de trabalho mostrou ter potencial para uma 
produção economicamente eficiente de PHAs, visto que a cultura bacteriana usada tem 
capacidade confirmada de acumulação de PHAs, é capaz de produzir polímero com 
propriedades físicas atractivas e é capaz de usar uma fonte de carbono complexa e barata, 
disponível em grandes quantidades em Portugal e a nível global. 
 
Palavras-chave: biopolímeros; polímeros biodegradáveis; polihidroxialcanoatos; organismos 
acumuladores de glicogénio; resíduos ou produtos secundários; melaços 
de cana de açúcar fermentados. 
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As environmental awareness in society increases, the demand for the development of 
sustainable processes and products with the lowest possible environmental impact and the 
use of renewable resources increases in the same proportion. This environmental concern is 
the power motive behind the research conducted here, as it is an attempt to develop an 
economically attractive process to produce a biological biodegradable polymer, able to 
replace fossil fuel based plastics. 
Polyhydroxyalkanoates (PHAs) are 100% biodegradable polymers that can be produced 
biologically. Moreover, these biological polymers are thermoplastics, with similar 
characteristics to polypropylene and polyethylene and can be produced from renewable 
carbon sources such as wastes or by-products, allowing for a sustainable closed cycle 
process. PHAs may have a wide range of applications, from low value products such as 
packaging films to high value products for medical use and for the pharmaceutical industry. 
Polyhydroxyalkanoates are biopolyesters synthesised by bacteria as intracellular reserves of 
carbon, energy and reducing power and are accumulated as intracellular granules. To date, 
more than 300 different microorganisms have been identified as producers of PHA, although 
not all have the potential to be used in large-scale production, and over 90 different 
monomers were identified as constituents of PHAs. The most common monomers found in 
bacterial PHAs are 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV). 
Industrial production of these polymers has been carried out so far with pure cultures of 
natural bacterial strains or recombinant strains. These organisms can achieve high 
production yields, but require costly production conditions, such as strict sterility. Additionally, 
pure, usually expensive substrates such as glucose or propionic acid are used as carbon 
source. These particular conditions contribute to the high production cost of PHAs, comparing 
with conventional polymers, and have been a considerable obstacle to the replacement of the 
latter. 
The attempt to develop a more cost effective process has led to a rising interest on open 
mixed cultures, such as activated sludge. The composition of these cultures is not known, 
although they are enriched in organisms with a high PHA storage capacity, selected by the 
operational conditions imposed on the bioreactor. The use of mixed cultures allows the use of 
cheap or even free complex substrates such as wastes or by-products, since the microbial 
population can continuously adapt to changes in the substrate. The need for strict sterile 
conditions no longer exists, which contributes to a further reduction of the production cost. In 
addition, it has been shown that PHAs synthesised by mixed cultures have similar physical 
properties as the ones produced by pure cultures. 
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Glycogen accumulating organisms are emerging has an interesting option for PHA production 
by mixed cultures. Until recently, GAOs were considered unwanted organisms in enhanced 
biological phosphorous removal (EBPR) processes, being studied primarily to understand 
how their presence in such treatment processes could be avoided. However, their ability to 
store carbon, mainly VFAs, as PHA has brought a different attention upon them. 
GAOs can take up an external source of soluble carbon (usually VFAs) under anaerobic 
conditions and store that carbon in the form of PHAs. To do so, their glycogen reserve (that 
was previously built up under aerobic conditions) is consumed to provide energy, reducing 
power and precursors. In the subsequent aerobic phase, PHAs are used as a source of 
carbon, energy and reducing power for cell growth, maintenance and glycogen 
replenishment. The particular metabolism of GAOs allows easily enriching a reactor with 
these organisms by continuously alternating the conditions between anaerobiosis and 
aerobiosis and by supplying the external source of carbon just before anaerobiosis starts. 
This way only organisms capable of going through the aerobic phase of the cycle without an 
external carbon source will survive. 
A GAOs enriched SBR (sequence batch reactor) was successfully established during this 
work. The culture was selected with fermented sugar cane molasses (constituted by a 
mixture of acetate, propionate, butyrate and valerate) as the carbon source and cycling 
anaerobic-aerobic conditions as explained above. The GAO phenotype was confirmed to be 
present in the reactor by conducting several cycle studies where it was clearly visible the 
cycling between PHAs and glycogen. Although the GAO phenotype was never lost, there 
were metabolic changes over the one-year operation time. Initially the culture only produced 
3HB, 3HV and what was later identified as a residual amount of 3-hydroxyhexanoate (3HH), a 
medium-chain-length (MCL) monomer. The analysis of the PHAs produced during the cycle 
studies conducted as shown that the polymer composition was changing over time. New 
monomers started being produced, 3-hydoxy-2-methylbutyrate (3H2MB) and 3-hydoxy-2-
methylvalerate (3H2MV), and 3HH became increasingly important over time. These results 
reveal that the culture was slowly but continuously adapting to the carbon source and 
operational conditions and, most important of all, this mixed culture can produce a copolymer 
of short-chain length (SCL) and medium-chain length (MCL) monomers, something that had 
only been reported for pure cultures processes. 
The metabolic shift just explained was accompanied by a change on the composition of the 
culture. It went from a culture where Candidatus Competibacter phosphatis (belonging to the 
Gammaproteobacteria phylum) predominated, to a culture where tetrad-forming organisms 
(belonging to the Alphaproteobacteria phylum) predominated, although all are known GAOs. 
Regarding the accumulation batch tests, three were performed with fermented molasses as 
the carbon source. The highest polymer content achieved was 37% of dry cell weight. The 
highest polymer storage yield on VFAs achieved (0.938 Cmmol/Cmmol) is quite promising. 
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This experiment led to the production of a terpolymer of 3HB, 3HV and 3HH with the following 
monomer proportion: 56.2:43:0.8 in %mol. 
From the three batch accumulation experiments performed with fermented molasses, it was 
established that it is better to feed the carbon source in low carbon concentration pulses, 
rather than a higher carbon concentration per pulse, given that this way higher PHA storage 
yields are achieved. It was also observed that PHA accumulation came to a halt when 
glycogen stopped being degraded, even though there were still VFAs left to be consumed. 
The outcome of the experiments performed with molasses led to question the role of 
glycogen during the aerobic accumulation of PHA. Hence four aerobic batch experiments 
were performed with each one of the volatile fatty acids (VFAs) present in the fermented 
molasses: acetate, propionate, butyrate and valerate. These experiments revealed that 
glycogen was only consumed when acetate was fed to the culture and acetate and valerate 
were preferred by the culture for polymer synthesis. The limiting effect of glycogen on PHA 
accumulation could not be entirely confirmed and other factors may be influencing this 
process. However, the acetate experiment showed that glycogen is never consumed beyond 
a certain level and that when glycogen degradation comes to a halt, polymer also stops to be 
synthesised, even though there still may be carbon available for consumption. It was also 
demonstrated that the monomer 3HH is only synthesised when fermented molasses are fed 
to the culture. It wasn’t produced with any of the single synthetic VFAs. 
The polymer produced from fermented molasses as shown to have good physical properties: 
low crystallinity, low glass transition temperature and average molecular weights and 
polydispersities within the values expected for mixed cultures. The melting temperature is 
lower than the melting temperature of a homopolymer of 3HB, but the decomposition 
temperature remains high, making it easy to process. 
Overall, the process studied in this work has shown to have potential for cost effective PHAs 
production, given that the bacterial culture used has confirmed PHAs accumulation capacity, 
is able to produce polymer with attractive physical properties and is able to use a complex 
and cheap carbon substrate, available in large quantities in Portugal and worldwide. 
 
Key-words: biopolymers; biodegradable polymers; polyhydroxyalkanoates; glycogen-
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P(3HB) – poly(3-hydroxybutyrate) 
RI – refractive index 
SBR – sequence batch reactor 
SCL – short-chain length 
SEC – size exclusion chromatography 
SRT – solids retention time 
Tc – crystallization temperature 
Td – decomposition temperature 
TFO – tetrad-forming organisms 
Tg – glass transition temperature 
TGA – thermogravimetric analysis 
Tm – melting temperature 
TOC – total organic carbon 
TSS – total suspended solids 
UV – ultraviolet 
VFA – volatile fatty acids 
VSS – volatile suspended solids 
X – crystallinity 
Y – yield 
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1. LITERATURE REVIEW 
 
1.1. Introduction to the problem 
Fossil fuel based polymers, commonly known as plastics, are one of the biggest 
achievements of the twentieth century due to their remarkable usefulness in everyday life. 
However, plastics are also responsible for serious environmental impacts. First of all, 
conventional plastics are produced from fossil fuels, a non-renewable resource increasingly 
more expensive, with its price influenced by political instability around the world. The 
extraction and transformation of fossil fuels gives rise to the emission of pollutants, such as 
green house gases. 
Secondly, plastics are not biodegradable, remaining in the environment for hundreds of years 
before disappearing and potentially causing harm to ecosystems. When it comes to their 
disposal, plastics can be sent to landfills, incinerated or recycled. The deposition of plastic 
waste in landfills is an option far from sustainable since they don’t degrade easily and occupy 
a high volume due to their low density, shortening the life time of landfills. The incineration of 
plastics, if properly controlled, releases mainly carbon dioxide in the atmosphere, in amounts 
negligible compared to those from the combustion of fossil fuels (Braunegg et al., 1998). It is 
an interesting solution for plastics that can’t be recycled, but a misuse of resources otherwise. 
Recycling is the most sustainable option for such waste. Nevertheless, not every plastic can 
be recycled due to their characteristics and contamination with other substances after used. 
Due to all the negative aspects posed by fossil fuel based plastics, an increasing attention 
has arisen around biodegradable and biologically produced plastic substitutes. 
 
1.2. Polyhydroxyalkanoates: characteristics and advantages 
There are three categories of biodegradable plastics, namely chemically synthesised plastics 
like polylactic acid or polyglycollic acid, that are susceptible to enzymatic degradation but with 
different properties of conventional plastics; starch based plastics like starch-polyethylene 
that are only partially biodegradable; and polyhydroxyalkanoates, the only 100% 
biodegradable polymers that can be produced biologically (Khanna and Srivastava, 2005). 
Polyhydroxyalkanoates (PHAs) are biopolyesters synthesised by bacteria as intracellular 
reserves of carbon, energy and reducing power (Lee, 1996a). PHAs are usually synthesised 
and accumulated as intracellular granules when there is an essential growth-limiting 
component such as nitrogen, phosphate, sulphur, oxygen, magnesium or potassium in the 
presence of excess carbon source (electron donor and acceptor availability are separated) 
(Lee, 1996b). However, a limited number of bacterial strains accumulate PHA during growth 
even though there are some suggestions that growth associated PHA accumulation is not an 
efficient process. PHA granules water-insolubility and high molecular weight exerts negligible 
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osmotic pressure to the bacterial cell, which makes it an ideal storage material (Sudesh et al., 
2000a). 
PHAs general formula is shown in Figure 1. For the most common PHAs, poly(3-
hydroxyalkanoates), x = 1. 
 
x = 1 R = hydrogen Poly(3-hydroxypropionate) 
 R = methyl Poly(3-hydroxybutyrate) 
 R = ethyl Poly(3-hydroxyvalerate) 
 R = propyl Poly(3-hydroxyhexanoate) 
x = 2 R = hydrogen Poly(4-hydroxybutyrate) 
 R = methyl Poly(4-hydroxyvalerate) 
x = 3 R = hydrogen Poly(5-hydroxyvalerate) 
 R = methyl Poly(5-hydroxyhexanoate) 
x = 4 R = hexyl Poly(6-hydroxydodecanoate) 
FIGURE 1 General PHA structure and some representative monomers (Lee, 1996b). 
 
Depending on the number of carbon atoms in the chain, PHAs can be divided in short-chain 
length (SCL), if the monomers are constituted with 3 to 5 carbon atoms, and medium-chain 
length (MCL), if the monomers are constituted with 6 to 14 carbon atoms (Lee, 1996a). 
Besides 3-hydroxyalkanoates, there are also 4- 5- and 6-hydroxyalkanoates (Sudesh et al., 
2000a). The most common monomers found in bacterial PHAs are 3-hydroxybutyrate (3HB) 
and 3-hydroxyvalerate (3HV). The molecular weight (Mw) of these compounds ranges from 
2x105 to 3x106 (Lee, 1996a), depending on the organism, growth and accumulation 
conditions. 
SCL polyhydroxyalkanoates are thermoplastics with similar physical properties to 
polypropylene and have the additional benefit of being entirely biodegradable (Reis et al., 
2003; Khanna and Srivastava, 2005), biocompatible (Lee, 1996a) and having potential 
therapeutic value (Sudesh et al., 2000b). PHAs exhibit a wide variety of mechanical 
properties from hard crystalline to elastic, depending on the composition of monomer units, 
which broadens its applications. As an example, MCL-PHAs have similar physical properties 
to polyethylene, are semi-crystalline elastomers with low melting point, low tensile strength 
and high elongation to break and can be used as biodegradable rubber after cross-linking 
(Khanna and Srivastava, 2005). 
PHAs are degraded to carbon dioxide and water under aerobic conditions and to methane 
under anaerobic conditions by microorganisms in natural environments such as soil, sea, lake 
water and sewage (Lee, 1996a). PHAs biodegradation is influenced by a number of factors 
such as microbial population in a given environment, temperature, moisture level, pH, nutrient 
supply as well as crystallinity, additives and surface area of PHA itself. Some organisms are 
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able to produce extracellular PHA depolymerases, enzymes responsible for hydrolysing PHA 
to water-soluble oligomers and monomers that can be transported inside the cell and used as 
nutrients (Khanna, 2005). 
What makes these polymers even more interesting is the possibility of being synthesised 
from renewable carbon sources (sugars and fatty acids), based on agro-industrial wastes or 
by-products, economically appealing substrates, allowing a sustainable closed cycle process 
for their production and use (Satoh et al., 1998; Braunegg et al., 1998; Reis et al., 2006). 
Many waste streams from agriculture, such as cane and beet molasses, cheese whey, plant 
oils and hydrolysates of starch (e.g., corn, tapioca), cellulose and hemicellulose are 
potentially useful substrates for PHA production (Lee, 1996b). The percolate from the organic 
wet fraction of household waste is considered the most suitable substrate for PHA production, 
since it has a very high volatile fatty acid concentration, is available in large quantities and 
can be transported easily. The heavy-metal content can be removed by precipitation and then 
possibly recycled (Salehizadeh et al., 2004). 
Poly(3-hydroxybutyrate) (P(3HB)) was the first microbial PHA to be identified by Lemoigne in 
1927 and is also the most widely studied and best characterised PHA (Braunegg et al., 1998; 
Khanna and Srivastava, 2005). P(3HB) is not only biodegradable and biocompatible, but has 
mechanical properties similar to conventional plastics like polypropylene. It can be extruded, 
moulded, spun into fibres, made into films and used to make heteropolymers with synthetic 
polymers (Khanna and Srivastava, 2005). However, the homopolymer P(3HB) is highly 
crystalline (55–80% crystalline) and therefore has a low impact strength and resistance to 
brittle failure, which limits its range of applications. The glass transition temperature and the 
melting point of P(3HB) are approximately 5 and 175oC, respectively (Reis et al., 2003). It 
also has a high processing temperature, very close to the degradation temperature, making it 
difficult to process (Dias et al., 2006). Therefore, P(3HB) is stiffer and becomes brittle over a 
period of several days upon storage under ambient conditions. In order to improve polymer 
properties such as crystallinity, melting point, stiffness and toughness, other hydroxyl-acid 
units can be incorporated to produce a copolymer (Khanna and Srivastava, 2005). 
Poly(3HB-co-3HV) copolymers possess improved mechanical properties due to an increase 
in impact strength, toughness and flexibility, caused by the incorporation of 3HV units in the 
polymer chains. The physicochemical characteristics of these copolymers are strongly 
dependent on the 3HV content, and the melting temperature decreases significantly with an 
increase of the 3HV fraction in the copolymer. The incorporation of 3HV does not affect the 
degradation temperature, thus allowing ease of processing. The mechanical properties are 
also strongly correlated with the average molecular weight of the polymer. A polymer with a 
longer chain length is more resistant to mechanical forces. The incorporation of different 
monomers other than 3HV, like 3-hydroxyhexanoate (3HH), 3-hydroxypropionate (3HP) and 
4-hydroxybutyrate (4HB), tends to decrease further the crystallinity and, consequently, the 
glass transition temperature, further improving the mechanical properties (Braunegg et al., 
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1998; Reis et al., 2003; Khanna and Srivastava, 2005). Depending on the substrate provided, 
many organisms can include a wide variety of 3-hydroxy fatty acids in the PHA. By now, more 
than 90 different monomer units have been identified as constituents of PHA in over 300 
different microorganisms (Lee, 1996b). 
 
1.3. PHA industrial production, extraction and applications 
Industrial production of PHAs is achieved with the use of pure cultures, either of natural 
strains such as Alcaligenes latus or Burkholderia sacchari, or recombinant strains of 
Escherichia coli and Cupriavidus necator (formerly Wautersia eutropha in turn formerly known 
as Ralstonia eutropha, formerly Alcaligenes eutrophus). These strains are currently being 
used to produce four commercial brands of PHA: BiomerTM (homopolymer of 3HB), NodaxTM 
(copolymer of 3HB and 3-hydroxyhexanoate (3HH)), BiocycleTM (homopolymer of 3HB, 
copolymer of 3HB and 3HV) (Lemos et al., 2006) and MirelTM (homopolymers, copolymers 
and terpolymers of a broad range of hydroxyalkanoates with different R groups and varying x, 
including polylactic acid), produced by Metabolix. 
PHA recovery process contributes significantly to the overall production cost, therefore the 
need to pursuit a simple, low-cost and highly efficient extraction method, as well as an 
environmentally friendly one. The most commonly used method involves the use of solvents, 
such as chloroform, methylene chloride, propylene carbonate and dichloroethane. The 
chloroform extraction method allows for high purity without polymer fractionation, being widely 
used at the laboratory scale (Dias et al., 2006). Yet, the large amount of solvent required 
makes this method economically unattractive for large scale processes. Another common 
extraction method involves the use of a mixture of sodium hypochlorite (for digestion of non-
PHA cellular materials) with chloroform, which immediately dissolves the polymer isolated by 
the hypochlorite, protecting it from degradation. Choi and Lee (1999) obtained high purity 
(91.4 to 93.5%) and recovery yields (90.4 to 93.3%) using inexpensive chemicals such as 
KOH and NaOH for the digestion of non-polymeric cell materials, making this a simple and 
economical method (Choi and Lee, 1999). 
ICI (Imperial Chemical Industries) has developed the aqueous enzymatic digestion method as 
an alternative to solvents. This process consists of thermal treatment of the biomass, which 
causes cell lysis and nucleic acids denaturation, enzymatic digestion and washing with an 
anionic surfactant to solubilise non-PHA cellular materials (Lee, 1996a; Braunegg et al., 
1998). The search for environmentally friendly and cost-effective extraction methods led to 
the recent development of the following approaches: supercritical CO2 extraction and non-
PHA-selective cell mass dissolution by protons, with PHA crystallisation. The second method 
led to higher recovery efficiency (95% against 89%) and a polymer purity of 97%. It also 
appears to be more cost effective when compared to conventional chemical treatment 
methods (Dias et al., 2006). 
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PHAs wide range of applications include packaging films, bags, containers, disposable items 
such as razors, utensils, diapers and feminine hygiene products. Besides commodities, PHAs 
can also be used as biodegradable carriers for long term dosage of drugs, medicines, 
insecticides, herbicides and fertilizers; starting materials for chiral compounds; surgical pins, 
sutures, staples and swabs; wound dressing; bone replacements and plates; stimulation of 
bone growth and healing owing to their piezoelectric properties; and blood vessel 
replacements (Lee, 1996a). 
 
1.4. Pure cultures versus mixed cultures for PHA production 
In spite of all the environmental advantages of biopolymers, their high production cost 
represents a considerable obstacle to the replacement of conventional plastics. PHAs 
industrially produced by pure cultures in their natural state or by recombinant strains, use as 
carbon source pure, usually expensive, substrates such as glucose or propionic acid. The 
use of pure cultures and pure substrates requires strict sterile conditions that have a negative 
influence on the production cost – €3.5–5/Kg for PHB against €1/Kg for polypropylene (Reis 
et al., 2003; Lemos et al., 2006). 
The attempt to develop a more cost effective process as led to a rising interest on open 
mixed cultures. Mixed cultures are microbial populations of unknown composition, selected 
by the operational conditions imposed on the biological system (Dias et al., 2006). The 
operational conditions are optimised in order to select microorganisms with a high PHA 
storage capacity. The use of mixed microbial cultures allows the use of cheap or even free 
substrates such as wastes or by-products, since the microbial population can continuously 
adapt to changes in substrate. In addition there is no need for sterilization and sterile 
fermentation systems, which contributes to a further reduction of production costs and of 
process control (Reis et al., 2003; Serafim et al., 2004). Given that the process can be 
designed based on the ecological role of PHA, the culture is stable, allowing the abolition of 
the traditional bottlenecks for using continuous processes in industrial fermentation (Reis et 
al., 2003). 
Several authors have pointed out substrate cost as the main cost factor in PHA production 
(Lee, 1996b; Choi and Lee, 1997; Reis et al., 2003). According to Choi and Lee (1997), in a 
study conducted with pure cultures, cost of raw materials accounts for almost 50% of total 
operating costs in a PHB production process using glucose as substrate and the carbon 
source corresponds to 70 to 80% of the raw materials, hence the need to find cheaper carbon 
sources (Choi and Lee, 1997). However, Gurieff and colleagues (2007) in a recent study 
came to the conclusion that nearly 60% of the PHA production cost by a mixed culture, using 
a wastewater stream from a food industry manufacturing process corresponded to energy 
expenses. The sale price obtained in this study was € 2.39/Kg-polymer, lower than pure 
culture PHA (produced with soybean oil) price – € 2.95/Kg-polymer – and much lower than 
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the current PHA market price, over € 6.80/Kg. PHA production by mixed cultures was shown 
to be “greener” than petrochemical polymer production, but had a higher level of CO2 
equivalents emission than biogas production using the same waste stream or PHA production 
by pure cultures, due to lower cell density and therefore PHA density. Nevertheless, 
considering that 60% of the total production costs correspond to energy, the environmental 
footprint of this process could be nearly removed through the use of renewable electrical 
energy like wind, solar or hydro (Gurieff et al., 2007). 
In addition to the economical benefit of PHAs production by mixed cultures, it is also 
important to mention that homo and copolymers produced by mixed cultures have similar 
average molecular weights (Mw), polydispersities (Mw/Mn) and cristallinity (X) to those 
obtained by pure cultures (Reis et al., 2003). PHAs produced by pure cultures have molecular 
weights in the range of 0.36x105 to 4.5x106 (Lemos et al., 1998). However, pure cultures are 
able to reach values of polymer content not easy to match by mixed cultures. As an example, 
a recombinant E. coli harbouring Alcaligenes eutrophus (currently known as Cupriavidus 
necator) PHA biosynthesis genes was able to produce PHB up to a content of 80 to 90% of 
dry cell weight. Nevertheless, the high oxygen demand during fermentation makes it difficult 
for the process to be useful and economically competitive (Lee, 1996a). 
 
1.5. PHA production by mixed cultures 
PHA storage in mixed microbial cultures occurs in systems where the substrate is not 
continuously available for the microorganisms or in systems where electron donor and 
acceptor availability are separated (Reis et al., 2003). In the first case, the culture is 
subjected to a transient carbon supply. Under these dynamic conditions the sludge is 
subjected to consecutive periods of external substrate accessibility (“feast”) and unavailability 
(“famine”), generating an unbalanced growth. During the famine phase, the carbon uptake is 
mainly driven to PHA storage and, to a lesser extent, to biomass growth. After substrate 
exhaustion, the stored polymer can be used as energy and carbon source. The ability to store 
internal carbon reserves gives these microorganisms a competitive advantage over those that 
do not have this capacity, thereby becoming dominant in the system. This enrichment 
strategy is known as aerobic dynamic feeding (ADF) or feast and famine (Reis et al., 2003; 
Serafim et al., 2004). 
In the second case, PHA plays a specific role in the ecophysiology of a certain group of 
bacteria, the most well known being the polyphosphate accumulating organisms (PAOs) and 
glycogen accumulating organisms (GAOs), commonly found in activated sludge from 
wastewater treatment processes (Reis et al., 2003). 
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1.5.1. PHA production by PAOs and GAOs 
Polyphosphate accumulating organisms are the ones at work in enhanced biological 
phosphate removal (EBPR) processes. For EBPR to occur, the activated sludge is mixed with 
influent wastewater under anaerobic conditions. The mixture is then cycled through an 
aerobic zone and finally a settlement zone. By this anaerobic-aerobic configuration, 
microorganisms that accumulate polyphosphate, therefore having high phosphorus content, 
are selected and grow in the process. PAOs become dominant in this system because the 
influent wastewater is introduced during the anaerobic phase, favouring only the growth of 
organisms capable of anaerobicaly taking up carbon, typically volatile fatty acids (VFAs), and 
storing it as polyhydroxyalkanoates. The energy for these bio-transformations is mainly 
generated by the cleavage of polyphosphate and release of phosphate from the cell. 
Reducing power is also required for PHA formation, which is produced largely through the 
glycolysis of internally stored glycogen. (Mino et al., 1998; Oehmen et al., 2007). 
Aerobically, PAOs are able to use their stored PHA as the energy source for biomass growth, 
glycogen replenishment, phosphorous uptake and polyphosphate storage. Net phosphorous 
removal from the wastewater is achieved through the removal of waste activated sludge 
containing a high polyphosphate content (Oehmen et al., 2007). 
In some laboratory scale EBPR reactors, deterioration of EBPR has been reported due to 
unknown reasons. In such cases, a particular type of microorganisms often dominates – 
glycogen-accumulating organisms (GAOs). GAOs can also take up organic substrates under 
anaerobic conditions but without phosphorus release. GAOs metabolism is very similar to that 
of PAOs except for the involvement of polyphosphate as energy source under anaerobic 
conditions (Mino et al., 1998). 
Until recently, GAOs have been regarded as unwanted organisms in EBPR processes, being 
studied primarily to understand how their presence in such treatment processes could be 
avoided. However, the stability of these cultures and their ability to store carbon, mainly 
VFAs, as PHA has brought a different attention upon them. 
The GAO phenotype occurs when an external source of soluble carbon (VFAs) is taken up 
anaerobically and stored as PHAs at the expenses of glycogen, which is hydrolysed in order 
to provide energy (ATP), reducing power (NADH) and precursors. In the subsequent aerobic 
phase, PHAs are used as a source of carbon, energy and reducing power for cell growth, 
maintenance and glycogen replenishment (Mino et al., 1995). GAOs typical behaviour is 
represented in figure 2. 
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FIGURE 2 Schematic representation of the GAO phenotype under cycling anaerobic-aerobic conditions. 
 
GAOs are Gram-negative facultative bacteria. The phenotype described above has been 
observed in different types of organisms: Candidatus Competibacter phosphatis, belonging to 
the Gammaproteobacteria phylum (Crocetti et al., 2002), a coccobacillus-shaped organism; 
Sphingomonadales related organisms, belonging to the Alphaproteobacteria phylum, showing 
tetrad cell arrangements (Beer et al., 2004); and cluster 1 (Meyer et al., 2006) and cluster 2 
(Wong et al., 2004) Defluviccocus vanus related organisms also belonging to the 
Alphaproteobacteria phylum, that occur as clusters of four or more cells. Organisms that form 
arrangements of four cells are generally named tetrad-forming organisms (TFO) (Tsai and Liu 
2002). 
 
1.5.2. Metabolism of PHA production by mixed cultures 
Figure 3 shows a schematic representation of the different PHA monomers that can be 
obtained from different carbon substrates. When acetate is fed to a culture as the only carbon 
source, a homopolymer of 3HB may be synthesised. Two units of acetate, after being 
activated to acetyl-CoA, will condense to 3-hydoxybutyryl-CoA. 3HV monomers are 
synthesised by condensing one unit of propionyl-CoA and one unit of acetyl-CoA to 3-
hydroxyvaleryl-CoA. Propionyl-CoA is formed directly from propionate while acetyl-CoA may 
result from the activation of acetate to acetyl-CoA or from the decarboxylation of propionyl-
CoA to acetyl-CoA. The condensation of acetyl-CoA with propionyl-CoA, if in a non-linear 
way, may also result in the formation of 3-hidroxy-2-methylbutyrate (3H2MB), although this 
monomer is less common. The condensation of two units of propionyl-CoA gives rise to 
hydroxymethylvaleryl-CoA and ultimately to 3hydroxy-2-methylvalerate (3H2MV) (Lemos et 
al., 2006). The different polymers and copolymers are synthesised to allow the cells to 
balance the redox equivalents produced and needed in the conversion of substrate to PHA 
(Reis et al., 2003). 
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FIGURE 3 Schematic representation of different PHA monomers synthesis from acetate, propionate, 
butyrate and valerate (Lemos, et al., 2006). 
 
Concerning GAOs, an extra source of carbon, other than the supplied externally, has to be 
considered: glycogen. GAOs can take up acetate under anaerobic conditions at the expenses 
of ATP, transport it across the membrane and activate it to acetyl-CoA. Acetyl-CoA is then 
drifted to 3HB synthesis by condensation to acetoacetyl-CoA and reduction to 3-
hydroxybutyryl-CoA (consuming NADPH), being incorporated in the P(3HB) growing chain. 
The energy required for the process results from the hydrolysis of glycogen (Reis et al., 
2003). Filipe and colleagues (2001) proposed a metabolic model for acetate uptake under 
anaerobic conditions by GAOs, where Embden-Meyerhof-Parnas (EMP) pathway was 
considered to be the one used by these organisms for anaerobic catabolism of glycogen 
during the anaerobic phase (Filipe et al., 2001).  
Later studies performed by Lemos and colleagues (2007) using in vivo 13C nuclear magnetic 
resonance (NMR), have come to prove that GAOs in fact use the Entner-Doudoroff pathway. 
For the synthesis of glycogen during the aerobic phase partial recycling of carbon through the 
ED pathway occurs, contributing to gluconeogenesis. It was also observed that the propionyl 
moiety in 3HV (anaerobic synthesis) is primarily derived from glycogen, being expected a 
higher proportion of 3HV produced than if only the external carbon source was considered. 
This study was conducted with a culture enriched in GAOs (45.9 ± 2.3% of Candidatus 
Competibacter phosphatis; 5.7 ± 0.7% of Defluviiccocus vanus-related cluster 1 organisms 
and 29.6 ± 1.5% of Defluviiccocus vanus-related cluster 2 organisms) using 13C labelled 
acetate as the sole carbon source (Lemos et al., 2007). Pyruvate resulting from the 
catabolism of glycogen can be converted to propionyl-CoA via the methylmalonyl-CoA 
pathway or to acetyl-CoA after oxidative decarboxylation. 
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1.5.3. The use of mixed cultures with pure and complex substrates 
Several studies about PHA production by mixed cultures have been performed so far, 
showing the great variety of accumulation strategies and carbon substrates that can be used. 
Liu and colleagues (1996) conducted several anaerobic PHA accumulation tests with GAOs 
selected under anaerobic-aerobic conditions, using a wide range of substrates, including 
organic acids, alcohols, sugars and complex substances. The amount of PHA produced 
varied from 5.7 to 21.8% of total suspended solids (TSS). The highest value was obtained in 
a test performed with a mixture of glucose and acetate under anaerobic conditions. This test 
gave rise to a polymer of 3HB:3HV:3H2MB:3H2MV with the following composition in a molar 
basis, 46.4:50:1.3:2.3 (Liu et al., 1996). 
Satoh and colleagues (1998) conducted a study with two different selection processes: 
anaerobic-aerobic activated sludge process and a microaerophilic-aerobic activated sludge 
process, both fed with a mixture of acetate, propionate, peptone and yeast extract. The best 
PHA accumulation result was obtained with the culture from the microaerophilic-aerobic 
process, used in an accumulation test with acetate as carbon source under microaerophilic 
conditions. This experiment resulted in a PHA content of 62% of TSS (Satoh et al., 1998). 
Rhu and colleagues (2003) studied the PHA accumulation potential of activated sludge from 
both an anaerobic-aerobic sequence batch reactor (SBR) and a microaerophilic-aerobic SBR 
acclimatised with synthetic waste containing acetate, propionate, peptone and yeast extract. 
After this acclimatisation period, the PHA production period started. The best result was 
obtained with the anaerobic-aerobic SBR fed with fermented food waste and with phosphorus 
limitation: accumulation of PHA up to 60% of volatile suspended solids (VSS). HB/PHA ratios 
varied between 0.74 and 0.77 (Rhu et al., 2003). 
The best result obtained so far for PHA accumulation by mixed cultures was reported by 
Serafim and colleagues (2004). In this study, performed with a culture selected under aerobic 
dynamic feeding conditions and fed with acetate, PHB was accumulated up to 66.4% of dry 
cell weight (DCW). The batch experiment was conducted under aerobic conditions with 180 
CmM of acetate as substrate fed in three pulses, given that the supply of this amount of 
carbon all at once, was shown to cause substrate inhibition (Serafim et al., 2004). 
Dionisi and colleagues (2005) tested olive oil mill effluents (OME) for PHA production using 
activated sludge enriched under aerobic dynamic feeding conditions with a mixture of 
acetate, lactate and propionate as carbon source. A three stage process was evaluated: 
OME acidogenic fermentation to a mixture of organic acids; enrichment of a high PHA 
storage ability culture under ADF conditions; and PHA batch production with fermented OME. 
An accumulation of 54% of VSS was obtained in a batch experiment conducted under 
aerobic conditions with fermented OME as substrate. The final HV content within the 
copolymer was only 4%, on a molar basis (Dionisi et al., 2005). 
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Dai and colleagues (2007) studied the production of PHA using a GAO enriched culture in a 
SBR operated under alternating anaerobic-aerobic conditions with acetate as the only carbon 
source. Aerobic production of PHA from acetate led to a content of 41% of DCW. The 
polymer thus produced had an HV content of 7% on a C-mol basis (Dai et al., 2007). 
A batch experiment performed with three pulses of acetate under anaerobic conditions with 
boosted glycogen reserve led to a PHA content of 31% of DCW. This experiment resulted in 
the production of a true copolymer with an HV content of 30% on a C-mol basis. The PHA 
yield on substrate (0.68 Cmol/Cmol) was lower than in the aerobic production experiment 
(0.75 Cmol/Cmol) (Dai et al., 2007). 
A three-stage process for PHA production from sugar cane molasses was developed by 
Albuquerque and colleagues (2007). The process consisted of molasses acidogenic 
fermentation; selection of PHA-accumulating cultures under ADF conditions either with 
acetate or fermented molasses; and PHA batch accumulation using the enriched sludge and 
fermented molasses as carbon source. The culture selected with acetate showed a slightly 
higher PHA accumulation performance (0.62 Cmmol HA/Cmmol VFA versus 0.59 Cmmol 
HA/Cmmol VFA). The PHA accumulation rates were much higher for the culture selected with 
acetate (0.23 to 0.37 CmmolHA/Cmmol X h against 0.12 to 0.14 CmmolHA/Cmmol X h) 
(Albuquerque et al., 2007). 
In the molasses fermentation step, the effect of pH on the organic acids profile and 
productivity was evaluated. The acids produced during fermentation were acetic, propionic, 
butyric, valeric and residual lactic acid. Their relative proportion varied according to the pH 
value during fermentation. It was observed that the organic acids distribution had an influence 
on the polymer composition and yield (copolymers 47-69 HB:31-53 HV were obtained).This 
result indicates that polymer composition may be manipulated by controlling the operating pH 
in the acidogenic reactor (Albuquerque et al., 2007). 
This evidence had already been reported by Lemos et al. (2006) in a study where PHA 
production from acetate and propionate by two mixed cultures adapted to each of these 
substrates under ADF conditions was evaluated. Lemos and colleagues came to the 
conclusion that polymers with different monomer compositions could be produced by 
manipulating the feed VFAs profile, which means that tailored synthesis of PHA with 
controlled functionality and properties is feasible. In this study it was also observed that, 
regardless of the population used, the polymer yield and productivity were much higher for 
acetate than for propionate and, polymer yields on acetate and butyrate were higher than 
those on propionate and valerate (Lemos et al., 2006). 
A three stage process for PHA production from a paper mill wastewater (PMW) was 
evaluated at laboratory scale by Bengtsson and colleagues (2008). The process consisted of 
acidogenic fermentation of the wastewater to VFAs, an activated sludge system operated 
under feast and famine conditions for culture enrichment fed continuously with the fermented 
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PMW, and PHA batch accumulation tests. The maximum PHA content achieved was 48% of 
DCW, during an aerobic batch experiment performed with fermented PMW and phosphorus 
limitation. The polymer thus produced consisted of HB and HV monomers with a 39:61 
proportion. The enrichment process revealed a high COD removal efficiency (95%), showing 
its usefulness in wastewater treatment along with the production of a value-added by-product 
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2. MATERIALS AND METHODS 
 
2.1. Selection SBR operating conditions 
The selection of a GAO culture with a high PHA storage capacity was conducted in a 
sequencing batch reactor (SBR) with a working volume of 1L, operated under anaerobic-
aerobic conditions. Each SBR cycle consisted of 8.25 min of feeding, 3 h of anaerobiosis, 3.7 
h of aerobiosis, 1h of settling and 10 min of effluent withdrawal, to a total of 8 hours. The 
hydraulic retention time (HRT) was 1.33 days and the sludge retention time (SRT) was kept 
at 10 days by withdrawing 33.3 ml of mixed liquor every cycle at the end of the aerobic 
phase. Argon or air was supplied to the reactor through a ceramic diffuser at a flow rate of 1 
L/min. 
Two peristaltic pumps were used to feed the SBR (250 ml/cycle), to purge (33.3 ml/cycle) and 
to remove the effluent (227 ml/cycle) after settling. pH was controlled at 7.76 using a pH 
controller which added a 0.2M H2SO4 solution to the SBR when the pH reached the control 
value. Redox potential was continuously monitored. Stirring was kept at 500 rpm and the 
temperature was kept at 30oC. All the components of the SBR were controlled by in-house 
developed software (BioCTR based on the LabView platform) that also continuously acquired 
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The seeding sludge came from an anaerobic-aerobic sequence batch reactor fed with 
fermented cheese whey, operated by Simon Bengtsson at Anoxkaldnes in Sweden. 
Operating conditions in this SBR were identical to the GAO selection SBR, including the VFA 
composition of the feed and the composition of the mineral solution. The only exception was 
the sludge retention time, which was 7 days in the cheese whey SBR. 
The clarified fermented molasses fed to the SBR were produced in a continuously stirred tank 
reactor (CSTR) at pH 6 and a C:N:P ratio of 100:3:1, resulting in a mixture of acetate, 
butyrate, propionate, valerate and a residual amount of lactate (Ac:Prop:But:Val ratio of 
58:11:26:4) to a total average concentration of 126 CmM (Albuquerque et al., 2007). The 
CSTR was operated by Graça Albuquerque. 
The clarified fermented molasses were diluted to half the concentration with mineral medium 
before being connected to the SBR. The average VFA concentration in the SBR at the 
beginning of each anaerobic phase was 26.3 CmM. The carbon source was continuously 
agitated and deaerated with argon. The mineral medium, adapted from Serafim et al. (2004), 
contained per litre: 720 mg of MgSO4.7H2O, 84 mg of CaCl2.2H2O, 687.6 mg of NH4Cl, 24 mg 
of EDTA, 20 mg of N-allylthiourea (to inhibit nitrification) and 1.2 ml of a trace elements 
solution (1500 mg of FeCl3.6H2O, 150 mg of H3BO3, 30 mg of CuSO4.5H2O, 30 mg of KI, 120 
mg of MnCl2. 4H2O, 60 mg of Na2MoO4. 2H2O, 120 mg of ZnSO4.7H2O and 150 mg of 
CoCl2.6H2O per litre of solution). A solution of phosphate (165.6 mg of K2HPO4 and 81 mg of 
KH2PO4) was prepared separately to avoid precipitation during sterilisation. The mineral 
solution was supplemented with the phosphate solution after both have been autoclaved. 
The reactor performance was evaluated through cycle studies during which samples were 
taken every five minutes in the beginning, time interval that increased to one hour by the end 
of the cycle. Around 5 ml of mixed liquor were taken each time and were distributed through 
three eppendorfs. These were centrifuged and the supernatant of all three was transferred to 
a 5 ml sample tube. Both solid and liquid samples were frozen. Solid samples were then 
lyophilised for posterior glycogen and PHA analysis. Liquid samples were analysed for VFAs, 
TOC and ammonia. 
Samples for TSS and VSS determination were taken in the beginning and at the end of the 
cycle. 
 
2.2. PHA batch accumulation experiments 
The aerobic batch accumulation experiments were performed in a batch reactor with a 
working volume of 600 ml, connected to a respirometer. The biomass was collected from the 
selection SBR at the end of the cycle, when the glycogen reserve was at its maximum. The 
biomass was centrifuged, washed with 0.9% NaCl, centrifuged again and ressuspended in 
mineral medium (3 times concentrated) and deionised water. Ammonia was not supplied to 
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the system to minimise consumption of carbon for cell growth. At the beginning of the 
experiment phosphorous and carbon (fermented molasses or synthetic VFAs) were added to 
the reactor. The reactor was kept at 30oC, pH was controlled at 7.76 and was continuously 
stirred. 
Air was supplied to the reactor through a ceramic diffuser. Oxygen uptake rate (OUR) was 
determined inside the respirometer, where a dissolved oxygen (DO) probe was inserted. A 
peristaltic pump continuously recirculated the reactor content between the batch reactor and 
the respirometer. When a sample was taken, the pump was turned off and the decrease of 
DO was registered. The OUR was obtained by determining the slope of the DO decrease. 
Endogenous OUR was determined before substrate addition. 
The measurement of the OUR enabled the detection of the end of carbon consumption, given 
that there was a noticeable decrease in the OUR. Once that occurred, a new pulse of 
substrate was supplied to the reactor. If the experiment was performed with fermented 
molasses, it had to be stopped and the biomass had to be centrifuged to discard a certain 
volume of supernatant (depending on the total volume in the reactor at that time) that would 
be replaced by the same amount of fresh fermented molasses. This operation had to be done 
due to the high volume of fermented molasses that had to be added to the reactor. This was 
done as quickly as possible to avoid PHA consumption in-between pulses. 
For the experiments performed with synthetic VFAs, no interruption was necessary due to the 
high concentration of the substrate solution (2Cmol/l) and consequent small volume that was 
added to the reactor. 
Samples to determine TSS and VSS were taken in the beginning of the batch experiment and 
at the end of each carbon pulse. 
 
2.3. Analytical procedures 
 
2.3.1. Volatile fatty acids (VFAs) 
Volatile fatty acids (acetate, butyrate, propionate, valerate and lactate) concentration was 
determined by high performance liquid chromatography (HPLC) using a Merck-Hitachi 
chromatographer equipped with a BioRad Aminex HPX-87H 300 mm x 1.8 mm column with 
guard column, a UV detector set at a wavelength of 210 nm and a run time of 35 min. An 
H2SO4 0.01N solution was used as eluent at a flow rate of 0.6 ml/min and the operating 
temperature was 50oC. The organic acids concentrations were calculated through calibration 
curves in the range of 25 to 1000 mg/l. 
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Liquid samples were unfrozen and filtered through 0.2 μm Whatman filters before injection. 
To the samples, already in the filters, 50 μl of eluent were added. If dilution of the samples 
was necessary, it was done with eluent. 
 
2.3.2. Glycogen 
Glycogen was determined as glucose. Previously lyophilised samples were weighted in glass 
tubes and to each was added 1 ml of 0.6M HCl. The samples were then deaerated for 10 min 
with argon and digested for 2h at 100oC. After cooling, the samples were centrifuged and the 
supernatant was filtered through 0.2 μm Whatman filters before injection. 
Glucose concentration was determined by HPLC using the same Merck-Hitachi 
chromatographer equipped with a BioRad Aminex HPX-87H 300 mm x 1.8 mm column with 
guard column, a refractive index (RI) detector and a run time of 12 min. An H2SO4 0.01N 
solution was used as eluent at a flow rate of 0.6 ml/min and the operating temperature was 
50oC. The glucose concentration was calculated using a calibration curve in the range of 25 
to 1000 mg/l. If dilution of the samples was necessary, it was done with eluent. 
 
2.3.3. Polyhydroxyalkanoates (PHAs) 
PHAs were determined by gas chromatography (GC) using the method described by Lemos 
et al. (2006). A Chrompack CP9001 chromatographer equipped with a flame ionisation 
detector set to 250oC and a 60 m x 0.53 mm CP fused silica Varian column was used. 
Injection port temperature was 250oC, initial oven temperature was 40oC and final oven 
temperature was 220oC. Temperature rise was programmed as follows: rise at 20oC/min 
during 3 min. to 100oC; rise at 3oC/min during 25 min. to 175oC; rise at 20oC/min during 2.25 
min. to 220oC and finally 1 min. at 220oC until 31.25 min. Injection was conducted in split 
mode with a flow of 30 ml/min. Helium was used as the carrier gas (100 KPa). 
Lyophilised samples were weighted in glass tubes and to each was added 1 ml of acidic 
methanol (20% H2SO4) and 1 ml of internal standard solution (heptadecane 0.808 mg/ml in 
chloroform). The samples were kept in a thermoblock at 100oC for 3.5h. After cooling, 0.5 ml 
of deionised water was added to each sample for extraction. The water was mixed by 
agitating the glass tubes in a vortex for 1 min. Chloroform phase was collected to vials with 
molecular sieves (0.3 nm pore) for water absorption. 2 µl of sample were injected with a CP 
9010 liquid sampler. 
HB and HV concentrations were determined through a calibration curve. Standards were 
prepared by adding increasing volumes (25 to 700 μl) of a 3 mg/ml solution of HB-co-HV 
polymer (HB:HV proportion of 70:30) in chloroform, to glass tubes with acidic methanol and 
internal standard solution. Standards had the same treatment as the samples. 
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The analysis of a batch experiment (B12) sample (B12-19; corresponding to 165 minutes) by 
GC with a mass spectrometer detector GC-MS was conducted externally. 
 
2.3.4. Ammonia 
Ammonia was determined using an ammonia gas sensing combination electrode 
ThermoOrion 9512. For the analysis, liquid samples were unfrozen and to 1 ml of sample 20 
µl of ISA (Ionic Strength Adjuster composed of NaOH 5M, disodium EDTA 0.05M, 10% 
methanol with colour indicator solution) were added. A calibration curve was obtained with 
NH4Cl standards (0.125 to 10 NmM). 
 
2.3.5. Total organic carbon (TOC) 
Total Organic Carbon was determined using a Shimadzu TOC automatic analyser. 
Calibration curves in the range of 1 to 500 ppm were obtained with hydrogen phthalate 
standards for TC (total carbon) and with sodium hydrogen carbonate standards and sodium 
carbonate standard for IC (inorganic carbon). For the analysis, liquid samples were unfrozen, 
and 1 ml of sample was diluted to 10 ml with miliQ water. 
 
2.3.6. Dry cell weight 
Dry cell weight was determined according to the volatile suspended solids (VSS) procedure 
described in standard methods (APHA, 1995) with some modifications. 3 ml of mixed liquor 
were taken and vacuum filtered with a Whatman glass microfibre filter (GPC with a 1.2 μm 
pore) that was pre-treated overnight in a muffle at 550oC and cooled down in a dessicator. 
The filter was then dried in the microwave for 15 min at 30 W and weighted for TSS 
determination (Olson and Nielsen, 1997). For VSS determination, the filter was put in a muffle 
at 550oC for at least 2.5h and was cooled down in the dessicator prior to weighting. 
 
2.3.7. Lyophilisation 
Lyophilisation was conducted in a Telstar Cryodos lyophiliser. For that, eppendorfs containing 
the frozen samples were opened and a paper stopper was inserted tightly in the tube. 
Samples were then frozen in liquid nitrogen and transferred to a balloon that was connected 
to the lyophiliser. Samples were freeze-dried at around -50oC and 0.05 mbar overnight. 
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2.3.8. Fluorescence in situ hybridisation (FISH) 
FISH analysis was conducted according to Aman (1995). Samples for observation by FISH 
were fixed in 4% paraformaldehyde, most suitable for Gram-negative cells. Cells were 
harvested and centrifuged at 4000 rpm for 5 min and the supernatant was discarded. The 
pellet was washed with a phosphate buffer solution (PBS) on the vortex and centrifuged 
again at 4000 rpm for 5 min. This operation was repeated two more times. After the last 
washing, the supernatant was discarded and 300 µl of PBS followed by 900 µl of 
paraformaldehyde solution were added to the cells. The mixture in the eppendorf was 
agitated with the vortex and was incubated for 3 h or overnight at 4oC. After incubation the 
cells were centrifuged for 5 min at 4000 rpm, the supernatant was discarded and the pellet 
was washed with 300 µl of fresh PBS in the vortex. The cells were again centrifuged for 5 min 
at 4000 rpm and the supernatant was discarded. The cells were finally ressuspended in 600 
µl of PBS and 600 µl of ice-cold absolute ethanol and stored at -20oC. 
For hybridisation on slides, 5 µl of fixed cells were spotted in the wells of two teflon coated 
slides and were dried for about 10 min at 46oC. The cells on the slide were then dehydrated 
in an increasing ethanol series of 50, 80 and 98% ethanol (3 min. each). In the meanwhile, 
two buffers for hybridisation at 46oC where prepared, with 20% and 35% stringency. 360 µl of 
5M NaCl and 40 µl of 1M Tris/HCl (pH 8,0) were pipetted into two 2 ml eppendorf reaction 
tubes. To one of the eppendorfs, 400 µl of formamide and 1200 µl of miliQ water were added 
for a stringency of 20%. To the other eppendorf, 700 µl of formamide and 900 µl of miliQ 
water were added for a stringency of 35%. To both, 4 µl of 10% (w/v) SDS were added. 10 µl 
of the 20% stringency hybridisation buffer were spotted onto the wells of one of the slides and 
10 µl of the 35% stringency hybridisation buffer were spotted onto the wells of the other slide. 
On each well, 0.5 µl of EUBmix probe labelled with FITC (green fluorescence) were spotted 
before applying 0.5 µl of each previously thawed oligonucleotide probes labelled with CY3 
(red fluorescence). The probes used are described in Table 1. 
The slides were then immediately transferred to the respective hybridisation tube (50 ml 
falcon tube with a piece of tissue imbibed in the remaining hybridisation buffer) and were 
incubated at 46oC for at least 1.5h. 
In the meantime, two washing buffer solutions were prepared in 50 ml falcon tubes. Both 
contained 1 ml of 1M Tris/HCl (pH 8.0), 500 µl of 0.5M EDTA (pH 8.0) and 50 µl of 10% (w/v) 
SDS. For the 20% stringency slide, 2150 µl of 5M NaCl were added to the washing buffer. 
For the 35% stringency slide, 700 µl of 5M NaCl were added to the washing buffer. The 
volume of both solutions was completed to 50 ml with miliQ water and the solutions were 
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TABLE 1 Details on the RNA probes used for FISH. 
RNA PROBES PROBES COMPOSITION TARGET REFERENCES 
EUBmix 
EUB338 + EUB338-II 
+ EUB338-III 
Bacteria domain 
Aman et al., 1989; 
Daims et al., 1999 
GAOmix 




Kong et al., 2002; 




Defluviicoccus-related TFO Wong et al., 2004 
DEFmix DEF988 + DEF1020 
Defluviicoccus vanus-
cluster 2 related organisms 
Meyer et al., 2006 
PAOmix 
PAO462 + PAO651 
+ PAO846 
Accumulibacter phosphatis Crocetti et al., 2000 
ALF969 ALF969 Alphaproteobacteria Oehmen et al., 2006 
BET42a BET42a Betaproteobacteria Manz et al.,1992 
GAM42a GAM42a Gammaproteobacteria Manz et al.,1992 
AMAR839 AMAR839 
Amaricoccus (except A. 
tamworthensis) 
Maszenan et al., 2000 
 
The hybridisation buffer was washed off with the washing buffer and the slides were 
incubated in the remaining washing buffer for 10 min. at 48oC. The washing buffer was then 
carefully removed with cold distilled water and the slides were quickly dried with compressed 
argon. Finally the slides were embedded with Vectashield and were covered with a cover slip. 
The slips were sealed by applying nail polish on the edges for preservation of the slides (at -
20oC) after microscopic observation. 
 
2.3.9. Polymer physical properties 
Polymer physical properties were determined by Stefan Erkselius for AnoxKaldnes 
Biopolymer AB using instruments at the Division of polymer and Materials Chemistry at Lund 
Institute of Technology in Sweden. 
Polymer extraction and precipitation. Biomass containing nominally 100 mg of PHA was 
extracted in 5 ml chloroform (Merck pro analysis, >99%) at 100°C for 2 h in teflon capped 
glass tubes under vortexing for 10 sec every 15 min. After cooling, the biomass was removed 
by filtration (Schott Duran glass filter) and washed with 2 ml chloroform. The polymer was 
precipitated under stirring by addition of 175 ml methanol (Merck pro analysis, 99.9 %), 
collected on a glass filter, washed two times with 25 ml chloroform and allowed to dry for 24 h 
in room temperature. In case the purity of the obtained polymer was below 97% by weight (as 
determined from TGA), a purification procedure was applied as follows. 24 mg polymer was 
dissolved in 0.4 ml chloroform at 100°C, reprecipitated under stirring by addition of 10 ml 
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methanol, centrifuged for 10 min at 3000xg and washed with 10 ml methanol and again 
centrifuged and washed with 10 ml methanol. 
Molecular weight analysis by size exclusion chromatography (SEC). Polymer samples 
were dissolved in chloroform to a concentration of 3 to 5 mg/ml and the solution was filtered 
(PALL Life Sciences Acrodisc CR 25 mm, pore size 0.45 µm). 100 µL of this solution was 
injected to a size exclusion chomatograph (Viscotek VE 1122) equipped with three columns 
in series (Shodex KF-805, Shodex KF 804 and Shodex KF 802.5) and a refractometer-
viscometer detector (Viscotek Model 250). Chloroform was used as eluent at a flow rate of 
1.0 mL/min. Columns were at room temperature and detectors were at 37°C. The system was 
calibrated with polystyrene standards (0.03-1.8 x 106 g/mol) and molecular weights are 
reported with regards to polystyrene. 
Thermogravimetric analysis (TGA). Decomposition temperature (Td) was analyzed by TGA 
(TA Instruments Q500) with a nitrogen atmosphere. Between 1.5 and 5 mg of polymer was 
analyzed and temperature was increased at 10°C/min to 350°C with a 10 min isothermal halt 
at 95°C to remove any residual water. The decomposition temperature was determined by 
observing the peak in weight loss slope (dw/dT). 
Differential scanning calorimetry (DSC). Melting temperature (Tm), glass transition 
temperature (Tg), crystallization temperature (Tc) and crystallinity (X) were analyzed by DSC 
(TA Instruments Q1000) applying the following cycle. First the polymer sample (1-4 mg) was 
equilibrated at 25°C, cooled at 10°C/min to -70°C and kept isothermal for 3 min. Then the 
sample was heated at 10°C/min to 185°C to obtain a complete polymer melt and kept 
isothermal for 0.1 min (ramp 1). In ramp 2, the sample was cooled at 10°C/min to -70°C and 
kept isothermal for 3 min. In the final ramp, the sample was heated at 10°C/min to 200°C 
(ramp 3). Ramp 2 was used for determination of Tc and crystallinity and ramp 3 was used for 
determination of Tm and Tg. Crystallinity was calculated based on a melting enthalpy of 132 
J/g for 100 % crystalline P(3HB) (Cuesta et al., 1992). 
 
2.3.10. In vivo 13C nuclear magnetic resonance (NMR) 
A sample of cell suspension (between 100 and 250 ml depending on DCW) was collected 
from the reactor at the end of the aerobic phase. The cellular suspension was centrifuged at 
4000 rpm for 2 min. The supernatant was discarded and the cells were washed with NaCl 
0.9%. The cell suspension was centrifuged a second time at 4000 rpm for 2 min, the 
supernatant was discarded and the cells were ressuspended in mineral medium to a final 
volume of 20 to 40 ml. To the NMR tube 4.65 ml of cell suspension, 50 µl of KCl 1M, 50 µl of 
MgSO4.7H2O 100 mM and 200 µl of D2O were transferred to a final volume of 4.95 ml (0.16 g 
of dry weight). Agitation and gassing in the NMR tube were attained using an air-lift system 
(Santos and Turner, 1986) that bubbled argon or air. The deuterated water was added in 
order to provide a lock signal. The experiments were conducted at 30oC. 
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Experiment performed with 2-13C acetate. Before adding the labelled carbon, a 13C 
spectrum was acquired to measure the contribution of 13C natural abundance. To begin the 
experiment, 50 μl of 2-13C sodium acetate were added to the NMR tube under anaerobic 
conditions (final concentration of 30 CmM). 13C NMR spectra were sequentially acquired until 
complete exhaustion of acetate. The aerobic phase began once air started being bubbled 
inside the NMR tube. A second aerobic phase was conducted with addition of two pulses of 
non-labelled sodium acetate to a final concentration of 20 CmM and then 30 CmM. 
Acquisition of spectra was again carried out until no more changes were detected. 31P-NMR 
spectra were acquired at the beginning of the experiment and at the end of each phase only 
to guarantee that there was no phosphorus variation. 
Experiment performed with 4-13C butyrate. Before adding the labelled carbon, a 13C 
spectrum was acquired to measure the contribution of 13C natural abundance. To begin the 
experiment, 50 μl of 4-13C butyrate were added to the NMR tube under aerobic conditions 
(final concentration of 20 13CmM). 13C NMR spectra were sequentially acquired until complete 
exhaustion of butyrate. 
A second experiment with 4-13C butyrate was performed under anaerobic conditions and with 
fresh cells, prepared as described above. Before adding the labelled carbon, a 13C spectrum 
was acquired to measure the contribution of 13C natural abundance. After the labelled carbon 
was added to the cells, 13C NMR spectra were sequentially acquired until no more changes 
were observed. 31P-NMR spectra were acquired at the beginning of the experiment and at the 
end of each phase for the same reason explained before. 
Acquisition of NMR spectra. 31P-NMR and 13C-NMR spectra were acquired with a 
quadruple nuclei probe head (10 mm diameter) in a Bruker Avance II-500 spectrometer, 
operating at 202.45 MHz for phosphorus and 125.76 MHz for carbon. Phosphorus spectra 
were acquired without proton decoupling with the following parameters: spectral width, 9.2 
kHz; repetition delay, 1 s; pulse width, 11 μs (corresponding to a flip angle of 45o); number of 
scans, 128; data size, 16K. Phosphorus resonances were referenced with respect to external 
85% H3PO4. Carbon spectra were acquired with the following parameters: spectral width, 31 
kHz; repetition delay, 1s; pulse width, 10 μs (corresponding to a flip angle of 45o); number of 
scans, 400; data size, 32K. Proton decoupling was continuously applied by using the WALTZ 
sequence. Resonances were referenced with respect to external methanol (designated at 
49.3 ppm). A probe head temperature of 30°C was always used. 
The relative intensities of the carbon resonances do not reflect true relative concentrations 
due to the reasonably fast pulse rate conditions used to acquire 13C-NMR spectra of living 
cells and diverse nuclear Overhauser enhancement factors of different carbon atoms. In 
order to obtain the actual concentrations of polyhydroxyalkanoates and glycogen, a 
completely relaxed spectra of a 13C-labelled formate solution (6.62 mM equivalent 
concentration), contained in a capillary was measured. For every experiment, a relaxed 
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spectrum was obtained, in order to correct the peak areas, by comparing them with the area 
of the formate resonance (Pereira et al., 1996). 
 
2.3.11. Natural abundance 13C NMR analysis of a polymer sample 
The remaining biomass of a batch experiment (B12) was lyophilised. To extract the polymer, 
50 ml of chloroform were added to the biomass; the flask was sealed and agitated for three 
days at 37oC. The resulting mixture was filtrated throw a GFC membrane and the chloroform 
of the filtrate was evaporated under an argon flow. The polymer was ressuspended in 
deuterated chloroform. The analysis of the polymer took place over night, with the acquisition 
of sequential spectra. 
13C-NMR spectra of the chloroform extracts were recorded at 125.76 MHz in a Bruker Avance 
II-400 spectrometer, using a QNP 1H/13C probe (5 mm diameter). The following acquisition 
conditions were used: spectral width, 25 kHz; repetition delay, 60 s; pulse width, 5.5 μs 
(corresponding to a flip angle of 90o); data size, 128K; probe temperature, 28°C. Proton 
broadband decoupling was applied during the acquisition time only (2.08 s). Chemical shifts 
were referenced with respect to the resonance of deuterated chloroform at 77.5 ppm. Benzoic 
acid was used as internal standard (128.29 ppm). Assignment of the carbon resonances due 
to the polymer were obtained from the literature (Huijberts et al., 1994; Kato et al., 1996). 
 
2.4. Calculations 
The biomass PHA content was calculated as a percentage of TSS on a mass basis (%PHA = 
gPHA/gTSS * 100). The PHA monomer ratio was calculated as a percentage of total polymer 
produced on a CmM basis. ΔPHA was calculated as the difference between the final and 
initial PHA content in CmM. ΔfHA was determined dividing total amount of HA produced by the 
active biomass, X (CmM HA/CmM X). Active biomass (X) was calculated in CmM as X = 
VSS-(PHA+glycogen) and was assumed to be linearly correlated with the ammonia 
consumption. It was assumed that all the ammonia was used for growth and it was the only 
possible source of nitrogen. Biomass growth was thus calculated considering the molecular 
formula: C5H7NO2 (Henze et al, 1995). VFA concentration corresponds to the sum of the 
concentration of all the organic acids (acetate, butyrate, propionate, valerate and lactate) in 
CmM. PHA concentration in CmM corresponds to the sum of all the monomers produced in 
CmM. Total carbon (TC) consumed during a batch experiment corresponds to the sum of the 
VFAs, glycogen and remaining TOC consumed. Remaining TOC corresponds to the soluble 
organic carbon fraction consumed other than VFAs. 
The polymer storage yield on VFAs was determined the following way (in CmM/CmM): 
[1] YPHA/VFA = PHAaccum./VFAscons.
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Polymer storage yield on VFAs and glycogen (CmM/CmM): 
[2] YPHA/VFA+Glyc = PHAaccum./(VFAscons. + Glyccons.) 
Polymer storage yield on total carbon (CmM/CmM): 
[3] YPHA/TC = PHAaccum./(VFAscons. + Glyccons. + remaining TOC) 
Active biomass yield on VFAs and glycogen (CmM/CmM):  
[4] YX/VFAs+Glyc = X/( VFAscons. + Glyccons.) 
Active biomass yield on consumed PHA, determined only for the aerobic phase of a cycle 
study, in CmM/CmM: 
[5] YX/PHA = X/PHAcons.
Active biomass yield on total carbon (CmM/CmM): 
[6] YX/TC = X/(VFAscons. + Glyccons. + remaining TOC) 
Glycogen yield on consumed PHA, determined only for the aerobic phase of a cycle study, in 
CmM/CmM: 
[7] YGlyc/PHA = Glycaccum./PHAcons.
The respiratory yield on total carbon (YO2/TC in mmol/Cmmol) was calculated by integrating the 
curve of the experimental OUR (in mmol O2/l.min) over time and dividing the value obtained 
by the total carbon consumed (VFAs + glycogen + remaining TOC). Oxygen can be 
expressed as carbon, assuming that 1 mol of CO2 is formed from 1 mol of O2 consumed. The 
batch experiments global yield was calculated as follows: 
[8] ΔY = YPHA/TC + YX/TC + YO2/TC
The global yield accounts for the substrate recovered from the material balances. It should be 
1 if all carbon is recovered. 
The global yield of the anaerobic phase of a cycle study was calculated as follows: 
[9] ΔY = YPHA/(VFA+Glyc) + YX/(VFA+Glyc)
The global yield of the aerobic phase of a cycle study was calculated as follows: 
[10] ΔY = Y Glyc/PHA + YX/PHA
The global yield should also include the respiratory yield (YO2/TC). However, it isn’t accounted 
for in this calculation since during the cycle studies the dissolved oxygen was never 
measured. Hence, this isn’t a true global yield. 
The specific VFA uptake rate (-qVFA, in Cmmol VFA/Cmmol X .h), for each one of the organic 
acids and for the sum, and the specific HB and HV storage rate (qHA, in Cmmol HA/Cmmol X 
.h) were determined by dividing the concentrations by the active biomass and adjusting a 
linear function to the data. The specific rate was given by the slope, multiplied by 60 min. 
 23 
Polyhydroxyalkanoates Production by Glycogen-Accumulating Organisms (GAOs) from By-products of the Sugar Industry 
 
3. RESULTS AND DISCUSSION 
 
3.1. Selection of an enriched GAO culture 
The SBR for the selection of an enriched GAO culture has been operated for one year. This 
reactor has demonstrated to be robust, given that it never lost the GAO phenotype. In order 
to evaluate the performance of the reactor, several cycle studies were conducted and the 
samples taken were analysed for the following parameters: VFAs, glycogen, PHAs, ammonia 
and TOC. Samples to determine TSS and VSS were taken at the beginning and at the end of 















FIGURE 5 Typical PHA, VFAs, glycogen, TOC and ammonia profile during a cycle of the selection SBR. 
The graph clearly shows that the enrichment of a GAO culture was successfully achieved. 
During the anaerobic phase of the cycle there is a consumption of the VFAs externally 
supplied, a consumption of glycogen and concomitant accumulation of PHA. Regarding 
ammonia, there is always consumption during both the anaerobic and aerobic phases. 
However, the ammonia consumption is usually higher during the aerobic phase. It is assumed 
that all the ammonia is used for cell growth, which means that there are organisms growing 
anaerobicaly. These organisms may be GAOs or other bacteria that coexist in the reactor 
accumulating PHA and growing simultaneously, or just growing. TOC profile shows a 
decrease corresponding to VFAs consumption during the anaerobic phase, remaining 
practically constant onwards, since there is only a minor consumption of carbon during the 
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The stoichiometric and kinetic parameters obtained for all the cycle studies performed are 
presented in Table 2 and Table 3 respectively. The aerobic global yield (ΔY) presented in 
table 2 is not a true global yield, since it doesn’t take into account the respiratory yield. 
After adding the carbon source, it immediately starts to be consumed, resulting in an increase 
of pH. Since pH is controlled at 7.76 with the addition of an acid solution, there is a 
continuous variation during the anaerobic phase. The variation of the redox potential profile 
confirms the alternation between the anaerobic and aerobic phases. 















Given that pH and redox potential data was continuously acquired by the software controlling 
the SBR cycle, it was possible to have on-line reactor monitoring. The normal pH and redox 
potential profiles are depicted in Figure 6. 
aerobic phase, typically between 4 and 6% of initial TOC. TSS inside the SBR was usually 
around 7 g/l. 




TABLE 2 Summary of the stoichiometric parameters obtained for the different cycle studies performed. 



















ΔY Consum. NH4+ YGlyc/PHA YX/PHA ΔY 
81 C2 0 : 44.8 : 33.1 : 25.3 : 0 : 74.2 : 14.2 : 7.8 11.3 0 : 0.5 25.8 4.4 0.7 0.94 0.04 0.98 1.2 0.48 0.21 0.69 
137 C3 9.1 : 66 : 8 : 38.4 : 0 : 59.9 : 14.3 : 2.6 20.9 0 : 1.7 44.1 1.6 1.6 0.87 0.16 1.03 0 0.45 0 0.45 
198 C4 2.8 : 72.7 : 5.9 : 31.8 : 10 : 46 : 15.6 : 2.9 15.8 7 : 5.3 39.5 1.5 0 0.99 0.01 1.00 0.7 0.71 0.09 0.81 
266 C5 1.3 : 75.6 : 7.1 : 13 : 3.1 11.6 
26.7 : 6.1 : 39.5 : 
4.6 : 23.1 29.4 4.5 0.2 0.94 0.01 0.95 0.7 0.74 0.02 0.77 
304 C6 0.9 : 70.3 : 5.9 : 29.5 : 6.7 : 30.2 :21.4 : 1.5 18.5 4.8 : 28.9 51.4 2.2 0.8 0.98 0.08 1.06 1.4 0.42 0.14 0.56 
365 C7 1.4 : 65.5 : 8.4 : 23.1 : 1.5 18.6 
25.5 : 5.6 : 33.4 : 
4.7 : 30.8 53.8 1.7 1.3 0.90 0.11 1.01 0.3 0.50 0.03 0.53 
424 C8 2.4 : 75.4 : 5.8 : 12 : 4.4 13.6 
23.2 : 8 : 36.4 : 
8.6 : 23.8 50.0 2.0 1.3 0.95 0.08 1.03 0.7 0.72 0.01 0.74 
Lac:Acet:Prop:But:Val in mmol/mmol VFAs; VFAs in CmM; 3HB:3H2MB:3HV:3H2MV:3HH in % mmol; ΔPHA in CmM; Initial and consumed NH4+ 
in NmM; YPHA/(VFA+Glyc) in Cmmol PHA/Cmmol (VFA+Glyc); YX/(VFA+Glyc) in Cmmol X/CmM (VFA+Glyc); anaerobic ΔY in Cmmol/Cmmol (VFA+Glyc);  










TABLE 3 Summary of the kinetic parameters (Cmmol/Cmmol X.h) obtained for the different cycle studies performed. 
CYCLE 
STUDIES -qVFA -qAcet -qBut -qProp -qVal -qGlyc q3HB q3HV q3HH q3H2MB q3H2MV qGlyc -q3HB -q3HV -q3HH -q3H2MB -q3H2MV
0.102 0.036 0.024 0.042 0.024 0.096 0.042 0.001 0.072 0.006 0.060 C2 




(0.007) (0.0005) (0.003) 
— — — 
0.108 0.060 0.024 0.042 0.168 0.078 0.120 0.012 0.072 0.054 0.006 C3 
(0.003) (0.002) (0.001) (0.007) 
— 






0.114 0.060 0.036 0.150 0.090 0.126 0.036 0.006 0.108 0.036 0.072 0.012 0.006 0.006 C4 
(0.006) (0.002) (0.002) 
— — 
(0.007) (0.006) (0.004) (0.004) (0.001) 
— 
(0.005) (0.002) (0.005) (0.001) (0.001) (0.0003) 
0.126 0.096 0.102 0.072 0.102 0.090 0.012 0.102 0.018 0.054 0.018 0.004 0.004 C5 
(0.014) (0.004) 
— — — 
(0.014) (0.006) (0.004) (0.005) 
— 
(0.001) (0.001) (0.0003) (0.005) (0.001) (0.0002) (0.0002) 
0.102 0.048 0.042 0.138 0.060 0.066 0.072 0.012 0.006 0.108 0.030 0.042 0.018 0.006 0.006 C6 
(0.004) (0.002) (0.002) 
— — 
(0.002) (0.001) (0.002) (0.002) (0.0004) (0.0005) (0.009) (0.001) (0.001) (0.001) (0.0002) (0.0003) 
0.174 0.084 0.066 0.144 0.066 0.120 0.036 0.018 0.018 0.114 0.030 0.060 0.036 0.012 0.012 C7 
(0.004) (0.004) (0.005) 
— — 
(0.009) (0.004) (0.006) (0.002) (0.001) (0.001) (0.002) (0.001) (0.002) (0.001) (0.001) (0.001) 
0.114 0.072 0.018 0.096 0.048 0.084 0.036 0.006 0.012 0.102 0.006 0.036 0.012 0.005 0.006 C8 
(0.003) (0.005) (0.002) 
— — 
(0.006) (0.005) (0.005) (0.003) (0.0001) (0.001) (0.006) (0.0002) (0.001) (0.001) (0.0001) (0.0004) 




Polyhydroxyalkanoates Production by Glycogen-Accumulating Organisms (GAOs) from By-products of the Sugar Industry 
 
As explained before (2.1. Selection SBR working conditions), the fermented molasses were 
produced in a CSTR working in a steady state at pH 6. Although the average proportion of 
VFAs was 58% Ac: 11% Prop: 26% But: 4% Val, to a total average concentration of 126 
CmM, there was a considerable, but normal, variation in the composition of the effluent of the 
CSTR, which explains the small variations in the proportion of the VFAs and total 
concentration observed in the carbon source analysis for each cycle study (Table 2). 
However, the fermented molasses fed to the SBR during the first cycle study had a clearly 
different VFAs proportion from the expected average proportion. The second most abundant 
VFA was propionate when in normal conditions it would be butyrate. This was due to a pH 
control problem in the CSTR that led to a different VFAs composition. Nevertheless, this was 
a short-term situation and promptly corrected. 
The analysis of Table 2 also reveals that there is a great variability in the amount of 
ammonium present in the diluted fermented molasses and in the amount consumed each 
cycle, both in the anaerobic and aerobic phases. This variability is also reflected on the 
anaerobic and aerobic growth yield (YX/(VFA+Glyc) and YX/PHA) for every cycle study. 
Theoretically, no ammonium should be present in the fermented molasses at the end of the 
fermentation process. Hence, the only ammonium that should enter the reactor is the 
ammonium that was added to the mineral medium used to dilute the fermented molasses, 
corresponding to a concentration of 1.6 NmM of ammonium at the beginning of each cycle 
inside the SBR. However, the value measured in the different cycle studies is sometimes 
higher, most likely due to residual ammonium present in the fermented molasses collected at 
the end of the fermentation. 
The analysis of the results concerning the polymer monomer proportion of all the cycle 
studies performed gives rise to an interesting observation: over time of reactor operation 
there was a change in the polymer composition. At first, the polymer contained mainly 3HB 
and 3HV, then 3-hydroxyhexanoate (3HH) started to gain importance and by the time cycle 
study C4 was conducted, the culture was also producing small amounts of 3H2MB and 
3H2MV. The monomer 3HH wasn’t immediately detected, given that it’s presence on the 
chromatograms was considered a residue. But the size of the corresponding peak on the 
chromatograms became larger over time, leading to an effort to identify it. This compound 
was also appearing during the batch experiments, hence a sample from one of the batch 
experiments performed (B12) previously analysed by GC, was analysed again by GC-MS. 
The comparison of the result with an MS library allowed identifying the peak as 3-
hydroxyhexanoate (3HH). The identity of the compound was confirmed with a natural 
abundance 13C-NMR analysis of the polymer extracted from the lyophilised biomass collected 
at the end of that same batch experiment. The production of 3HH by the culture was not 
expected since it isn’t such a common monomer as 3HB and 3HV and also because it is a 
medium chain length monomer. 
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Until now, the synthesis of SCL-MCL PHAs has only been reported for pure bacterial strains 
processes (Kato et al., 1996; Chen et al., 2001; Solaiman et al., 2006), making this finding 
even more exciting. These are promising news from the point of view of the polymer physical 
properties, given that the presence of a MCL monomer confers the PHA a more elastomeric 
behaviour. Further considerations on the polymer physical properties will be made ahead 
(3.2.1. Polymer physical properties). 
In Table 2, it is clearly visible that the PHA monomers proportion evolved over time, in 
particular 3HH. This shift is shown in Figure 7 where the PHA profiles from the first and the 














FIGURE 7 Comparison between C2 and C8 PHA monomers profiles (C2 in blue; C8 in red). 
This unexpected outcome shows that there was either a slow metabolic adaptation of the 
culture to the fermented molasses or a shift of population along run time. These changes 
reveal that the system is not a steady state, an observation easily understandable given that 
this is an open mixed culture, continuously adapting to the operational conditions and feed 
composition. 
For every cycle study performed, the PHA storage yield (YPHA/(VFA+Glyc)) shows a high 
efficiency of carbon (VFA and glycogen) conversion to PHA, which in turns shows the great 
potential of this culture as PHA producer. The anaerobic global yield is approximately 1 for all 
cycle studies, as expected. Overall, it can be stated that the anaerobic material balance 
closes. 
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In what concerns to aerobiosis, the global yield is not as high, comparing to anaerobiosis, 
probably due to the use of a part of the previously accumulated PHA for respiration, that was 
not measured, apart from glycogen replenishment and cell growth. 
Considering the kinetic parameters obtained for the cycle studies, several observations may 
be pointed out. Over reactor operation time the butyrate consumption rate and the 3HH, 
3H2MB and 3H2MV accumulation rates have increased, which may be another indication of 
the culture metabolic adaptation to the feed. The highest accumulation rate was always 
obtained for 3HV, indicating that this is a preferable monomer to be synthesised 
anaerobicaly. During the aerobic phase, there was a slight increase of the glycogen 
accumulation rate. 3HV monomers are the most rapidly degraded during aerobiosis, showing 
that there is a metabolic preference for the synthesis and degradation of this monomer. The 
last cycle study’s kinetic parameters (C8) don’t fit in with the tendency observed for all the 
cycle studies. This is most likely due to an exceptional fluctuation. In general, these kinetic 
parameters, together with the PHA monomer proportion evolution, clearly indicate that there 
was a slow and continuous change of the cultures metabolism that can also be indicative of a 
possible change in the population towards a higher specialisation in PHA accumulation from 
fermented molasses. 
In order to confirm the identity of the new monomer that was being produced, previously 
identified as 3HH by GC-MS, the polymer extracted from the cells collected at the end of 
batch experiment B12 were subjected to a natural abundance 13C-NMR analysis (Figure 8). 
All the peaks that resulted from this analysis that couldn’t be assigned to 3HB and 3HV, 
matched the different 3HH carbon resonances. 
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FIGURE 8 Natural abundance 13C-NMR spectra of the polymer extracted from the cells collected at the 
end of the batch experiment (B12). The peaks were identified by confronting them with the 
literature (Huijberts et al., 1994; Kato et al.,1996). 
 
3.1.1 Microbiological characterisation of the GAO population 
The SBR bacterial population was mainly composed of four different morphological types: 
bacteria organised in groups of four (tetrads), coccus shaped bacteria, thin filamentous 









a) b) c) 
FIGURE 9 a) cells arranged in tetrads and thick filamentous bacteria; b) coccus shaped bacteria 
distorted to an elliptical shape due to the PHA granules accumulated inside the cells; c) thin 
filamentous bacteria and cells arranged in tetrads (magnification of 1000x). 
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The use of Nile blue staining in fresh samples taken from the SBR near the end of the 
anaerobic phase, when the cells were full of PHA, revealed the presence of PHA granules 









FIGURE 10 Nile blue staining of a SBR sample taken at the end of the anaerobic phase. All the tetrad 
arranged cells and the thick filaments have fluorescence due to the storage of PHA granules 
(magnification of 1000x). 
 
The SBR bacterial population was characterised by fluorescence in situ hybridisation (FISH). 
Screening was performed under epifluorescence microscopy using EUBmix in FITC together 
with specific probes in CY3. The observation of a sample taken after 457 days of operation 
revealed a large predominance of the TFO physiology and the hybridisation of these bacteria 
with the ALF969 probe that targets Alphaproteobacteria. The more specific probes TFOmix 
(TFO_DF218 + TFO_DF618) and DEFmix (DEF988 + DEF1020) also largely hybridised with 
the tetrad arranged bacteria, although it is difficult to say which one is the most predominant 
group. Both groups are represented in Figure 11, pictures b) and c), where it is clear that, 
although both groups of organisms are arranged in tetrads, the ones that hybridised with 
TFOmix are larger, allowing a distinction by morphology. 
The second most representative phylum inside the SBR is the Gammaproteobacteria phylum. 
The large cocci shaped organisms hybridised with the GAM42a probe and also hybridised 
with the more specific probe GAOmix (Figure 10a) that targets Candidatus Competibacter 
phosphatis, thus confirming the presence of this strain inside the reactor. Some small rod 
shaped bacteria hybridised with BET42a probe, that targets Betaproteobacteria, but these 
were detected in small numbers. No hybridisation at all was observed with PAOmix or with 
AMAR839, confirming the absence of PAOs and Amaricoccus. Overall, it can be stated that 
at the time this sample was taken, the tetrad forming organisms, either hybridising with 
TFOmix or DEFmix were predominant inside the reactor, corresponding to no less than 70% 
of all organisms present. However, the reactor’s composition wasn’t always the same. FISH 
analysis on samples taken approximately a year earlier, showed that the most predominant 
organisms at that time were the coccus shaped bacteria, binding to the GAOmix probe, 
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hence Candidatus Competibacter phosphatis. In fact, it was possible to observe over time, 
with different FISH analysis, the change in the SBR population, from a predominance of 
Candidatus Competibacter phosphatis to a predominance of TFOs. These results lead to the 
conclusion that there was a population shift as consequence of a continuous adaptation to 
the conditions imposed on the culture and to the carbon source. This microbiological 
evidence may well be related with the PHA composition evolution observed over time, and 





























FIGURE 11 a1), b1) and c1) phase contrast image; a2), b2) and c2) hybridisation with EUBmix; a3) hybridisation with GAOmix; b3) hybridisation with 
TFOmix; c3) hybridisation with DEFmix; a4), b4) and c4) overlay of EUBmix with the specific probe. All pictures are artificially coloured 
(magnification of 1000x). 
a1) a2) a3) a4) 
b1) b2) b3) b4) 
c1) c2) c3) c4) 
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3.2. PHA batch accumulation experiments 
Having in sight the maximization of the production of PHAs and the understanding of the 
metabolic mechanisms involved in the process, several batch accumulation assays were 
carried out using the sludge from the selection SBR, taken at the end of the aerobic phase. 
All the batch experiments were conducted under aerobic conditions, given that the VFAs 
consumption rates and polymer accumulation rates are higher than under anaerobic 
conditions. The results are summarised in Tables 4 and 5. 
As described above (2.2. PHA batch accumulation experiments), the progress of the VFAs 
consumption during the batch experiments was evaluated through the direct measurement of 
the oxygen uptake rate. The slope of this rate would be immediately determined and a 














FIGURE 12 Graphic representation of the OUR evolution during batch experiment B3, performed with 3 
pulses of fermented molasses (see Figure 14 for comparison with VFAs pulses). 
 
With this graphic, it was possible to identify rapidly when the carbon source had been 
completely exhausted, that is, when there was a sudden decrease in the OUR value. This 
way, a new carbon pulse could be supplied as quickly as possible without polymer 
degradation in between. 
The first batch experiment (B2) carried out with the enriched culture was performed with 
acetate as carbon source and had the purpose of understanding how the system would 
behave during a batch experiment as well as preparing the 2-13C acetate NMR experiment 
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(3.3.1. NMR experiment with 2-13C-acetate). During this batch (Figure 13), only one pulse of 
40 CmM of acetate was supplied to the culture. The experiment was prolonged after total 
consumption of acetate, until the polymer accumulated was partially consumed. After the 
external carbon source was exhausted, the glycogen reserve started to be replenished 
concomitantly with polymer consumption. The results presented in Tables 4 and 5 correspond 
only to the accumulation phase. 
During this experiment polymer was accumulated up to 20.5% of dry cell weight (DCW) with 
the following monomers proportion in %mol: 91.1:8.9 3HB:3HV. The 3HV content measured 
was already present in the cells when collected from the SBR, since only 3HB was 
synthesised. The storage yields on VFAs or VFAs and glycogen were considerably low. On 
the other hand, the acetate consumption rate and 3HB synthesis rate were the highest ever 














FIGURE 13 Batch experiment performed with one pulse of synthetic acetate as substrate (B2). 
 
In order to accomplish the purpose of this work, PHA accumulation batch experiments were 
performed using clarified fermented molasses as the source of carbon. Overall, three batch 
experiments with fermented molasses were conducted: B3, B5 and B12. 
To calculate the polymer storage, growth and global yields for batch experiments performed 
with fermented molasses, remaining TOC (organic carbon fraction consumed other than 
VFAs) had to be considered due to its significant value: 11.6% of total TOC supplied for B3; 
9.3% for B5; and 18% for B12. 
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TABLE 4 Summary of the stoichiometric parameters obtained for the different batch experiments performed. 
Lac:Acet:Prop:But:Val in %mol; 3HB:3H2MB:3HV:3H2MV:3HH in % mmol; %PHA in mg PHA/ mg TSS; ΔPHA in CmM; ΔfHA in Cmmol HA/ 
Cmmol Xi; YPHA/VFA in Cmmol PHA/Cmmol VFA; YPHA/CT in Cmmol PHA/Cmmol CT; YX/TC in Cmmol X/Cmmol TC; YRESP in mmol O2/Cmmol CT; ΔY 









%PHA ΔPHA Δf3HB Δf3H2MB Δf3HV Δf3H2MV Δf3HH YPHA/ 
VFA
YPHA/TC YX/TC YRESP ΔY 
91 B2 1 x 40 CmM ACETATE — 91.1 : 0 : 8.9 : 0 : 0 20.5 24.1 0.240 0 0 0 0 0.599 0.502 0 0.231 0.830 
1st Pulse 0.938 0.657 0.077 0.140 0.875 
2nd Pulse 0.885 0.558 0.007 0.146 0.712 95 B3 3 x 20 CmM VFAS 
3rd Pulse 
1.2 : 68.6 : 21 : 
8.7 : 0.5 
56.2 : 0 : 43 : 
0 : 0.8 
37.3 52.3 0.268 0 0.301 0 0.006 
0 0 0 0.336 0.336 
1st Pulse 0.561 0.475 0.008 0.124 0.607 
123 B5 2 x 90 CmM VFAs 2nd Pulse 
4.4 : 71.3 : 8 : 
12 : 4.3 
66.5 : 0 : 27.1 : 
0 : 6.4 
37.0 58.4 0.326 0 0.113 0 0.053 
0.164 0.103 0.009 0.191 0.302 
1st Pulse 0.444 0.444 0 0.217 0.661 
213 B8 2 x 30 CmM BUTYRATE 2nd Pulse 
— 82.4 : 5.5 : 7.5 : 
2.6 : 1.9 
21.7 17.2 0.253 0 0.004 0 0 
0.171 0.171 0 0.200 0.371 
1st Pulse 0.838 0.838 0 0.162 0.999 
218 B9 2 x 30 CmM VALERATE 2nd Pulse 
— 11.8 : 4.9 : 78.3 : 
4.4 : 0.6 
24.8 31.9 0.032 0.012 0.316 0.015 0 
0.368 0.368 0 0.211 0.211 
1st Pulse 0.610 0.471 0 0.098 0.707 
225 B11 2 x 30 CmM ACETATE 2nd Pulse 
— 89.9 : 3.7 : 4.4 : 
0.8 : 1.2 
29.0 33.5 0.372 0.007 0 0 0 
0.361 0.310 0 0.115 0.476 
1st Pulse 0.748 0.500 0.042 0.157 0.699 
2nd Pulse 0.393 0.282 0.035 0.203 0.519 232 B12 3 x 35 CmM VFAs 
3rd Pulse 
0.2 : 72.1 : 5.5 : 
19.6 : 2.6 
60.2 : 2.3 :13.4 : 
1.2 : 22.8 
31.6 49.7 0.265 0.006 0.050 0 0.144 
0.315 0.222 0.030 0.272 0.524 
1st Pulse 0.504 0.504 0 0.229 0.733 
380 B13 2 x 30 CmM PROPIONATE 2nd Pulse 
— 11.6 : 6.1 : 62.8 : 
14 : 5.5 
15.8 23.8 0.003 0.008 0.147 0.041 0 
0.350 0.350 0 0.228 0.647 




TABLE 5 Summary of the kinetic parameters (Cmmol/Cmmol X.h) obtained for the different batch experiments performed. 
BATCH EXPERIMENTS -qVFA -qAcet -qProp -qBut -qVal -qGlyc q3HB q3H2MB q3HV q3H2MV q3HH




(0.005) — — — — 
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— — — — — — — — 























— — — — — — — 
1st Pulse — — — 0.372 (0.008) — — 
0.150 
(0.006) — — — 
0.012 
(0.0004) B8 2 x 30 CmM BUTYRATE 2nd Pulse — — — 0.390 (0.014) — — 
0.090 
(0.009) — — — — 

























(0.002) — — — — 








(0.004) — — — 
0.114 
(0.002) 




(0.007) — — — — — — 
0.090 
(0.001) 
B12 3 x 35 CmM VFAs 




















— 0.006 (0.0004) — 
0.034 
(0.002) — — — — 
B13 2 x 30 CmM PROPIONATE 2nd Pulse — — 0.136 (0.002) 
In parenthesis, the standard deviation of the parameter. 
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During B3, three pulses of approximately 30 CmM in VFAs were fed to the enriched GAO 
culture, taken from the selection SBR at the end of the aerobic phase, when the glycogen 
pool was at its maximum. This experiment, illustrated in Figure 14, led to an accumulation 
ratio of 37.3% of dry cell weight. The monomers produced were mainly 3HB and 3HV and a 
residual amount of 3HH. The resulting polymer had the following monomer composition: 56.2 














FIGURE 14 PHA batch accumulation test (B3) where fermented molasses were fed in three pulses of 30 
CmM to the culture.  
 
Looking at Figure 14 it is noticeable that, even though three pulses of fermented molasses 
were supplied to the culture at the start of the experiment, after 60 minutes and after 155 
minutes, being totally consumed, PHA appears to have stopped being produced around 
minute 110, before all the VFAs provided in the second pulse had been up taken. Concerning 
glycogen, it was consumed only until minute 130, remaining to be consumed 13 CmM. 
Although there were still VFAs and glycogen available, no more PHA was accumulated. As a 
result, the third pulse storage yield on VFAs was zero. The most profitable pulse was the first, 
a tendency observed in all the subsequent batch experiments performed, with a global yield 
of 0.875 Cmmol/Cmmol. However, this value reveals that the carbon balance doesn’t close 
since there was carbon consumed that was not detected in the form of polymer. The global 
yield decreased for the following carbon pulses, 0.712 and 0.336 Cmmol/Cmmol for the 
second and third pulses respectively. The causes for such a loss of carbon, particularly in the 
third pulse were not identified. A small part of it may have been lost by decarboxilation, a 
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phenomenon that was never controlled since CO2 wasn’t measured. However, it isn’t 
probably a significant amount, due to the low valerate and propionate concentrations. Another 
possibility could be the production of other carbon metabolites, such as exopolysacharides 
(EPS), as was already reported for other mixed cultures processes (Serafim et al., 2004). 
The cellular growth yield on total carbon consumed was also higher for the first carbon pulse. 














FIGURE 15 Detailed evolution of the predominant VFAs consumption and PHA monomers synthesis 
during batch experiment B3. 
 
A careful look at Figure 15, that shows in more detail the evolution of the most predominant 
VFAs as well as the PHAs monomers, indicates that there is a correlation between 
propionate and 3HV. in spite of the fluctuation observed on the PHA monomers evolution, it 
appears that on both the first and the second pulse, the synthesis of 3HV comes to a halt at 
the same time as propionate is exhausted. Considering once more Figure 14, the point where 
3HV synthesis stops and glycogen also stops being degraded coincides therefore, a 
dependence of 3HV synthesis on glycogen degradation could not be put aside for now. The 
analysis of Figure 14 and kinetic parameters on Table 5 show that all VFAs are consumed at 
the same time but with different rates. During the first and second carbon pulses, acetate’s 
consumption rate increased after all the other VFAs were exhausted. This concomitant 
consumption of all VFAs is patent on all cycle studies and batch experiments conducted with 
fermented molasses. 
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Given that this batch experiment was conducted shortly after the first cycle study, the clarified 
fermented molasses used still had the same VFAs proportion, with more propionate than 
butyrate, being expected a different outcome regarding the polymer composition if there was 
more butyrate than propionate in the feed. 
To evaluate the impact of the VFAs initial concentration on the PHA storage ability, a second 
batch experiment (B5) was conducted with two pulses of fermented molasses of 
approximately 90 CmM in VFAs to a total of 178 CmM, while in B3 only 104 CmM were fed to 
the culture, in smaller portions. This accumulation test also led to a storage ratio of 37%. The 
polymer produced had the following monomers proportion in %mol, 66.5 3HB: 27.1 3HV: 6.4 
3HH. As can be seen in Figure 16, PHA was mostly accumulated during the first carbon 
pulse, even though the second pulse of VFAs was completely consumed, not resulting in 
more polymer accumulation. Regarding glycogen, it was degraded mainly during the first 
carbon pulse. Again, the use of all the carbon consumed to produce other metabolites such 














FIGURE 16 PHA batch accumulation test (B5) where fermented molasses were fed in two pulses of 
approximately 90 CmM in VFAs to the culture. 
 
This experiment resulted in lower yields than the previous one meaning that there was a 
higher loss of carbon. The global yield of the first pulse reached only 0.607 Cmmol/Cmomol, 
being lower for the second pulse (0.302 Cmmol/Cmmol). The PHA storage yield on VFA 
achieved was 0,561 Cmmol/Cmmol, much lower than the one obtained for the first pulse of 
B3 (0.938 Cmmol/Cmmol). Even though the storage ratio (37% of DCW) was similar for both 
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experiments, these results indicate that it is more profitable to feed the fermented molasses in 
lower concentration pulses. 
The fermented molasses used for this batch experiment already had a VFAs proportion within 
the average with more butyrate than propionate. As a consequence, this experiment resulted 
in a higher 3HB proportion than the one obtained for the previous experiment (B3). This 
casual variation in the fermented molasses VFAs composition has led to the confirmation that 
polymer composition can be tailored by varying the feed composition in VFAs, in this case, 
the fermentation conditions of the CSTR. 
The detailed evolution of the parameters depicted in Figure 17 confirms what was previously 
observed for batch experiment B3, that 3HV synthesis occurs while there is still propionate 
available. Furthermore, not only 3HV synthesis ends, but 3HV monomers seem to be 
degraded after propionate has exhausted, even though there is still acetate and butyrate left 
to be consumed. Analysing both Figures 16 and 17, glycogen continues to be consumed after 
3HV synthesis has stopped. This evidence seems to indicate that the aerobic synthesis of 














FIGURE 17 Detailed evolution of the predominant VFAs consumption and PHA monomers synthesis 
during batch experiment B5. 
 
Although the batch experiment B3 has resulted in higher PHA accumulation yields, the 
comparison between the kinetic parameters of both B3 and B5 (Table 5), reveals that the 
VFAs consumption rates for the first pulse of B5 were all higher than for the first pulse of B3. 
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In the second pulse VFAs consumption rates were all higher for B3. The glycogen 
consumption rate was lower for B5 than B3 in both pulses but the 3HB and 3HH 
accumulation rates were higher for B5 first pulse, while 3HV accumulation rate was higher for 
B3. Since the VFAs consumption rate was higher for B5, substrate inhibition doesn’t appear 
to be the cause for the low storage yields. 
The PHA and glycogen results obtained for both B3 and B5 seem to indicate that glycogen 
can only be degraded to a certain level and that polymer ceases to be accumulated when 
glycogen degradation stops, making it a suspect for the limiting factor on PHA accumulation. 
It then became critical to clarify the role of glycogen on the accumulation process and its 
relation with each one of the single VFAs. Hence, four batch experiments were conducted 
with each one of the VFAs: acetate, butyrate, propionate and valerate. These experiments, 
illustrated in Figures 18 to 21, were all performed with two pulses of 30 CmM each of a single 
synthetic VFA. 
What stands out the most from these graphics is the behaviour of glycogen: it is only 
degraded when acetate is fed to the culture. Furthermore, glycogen stopped being degraded 
before all acetate was consumed, leading to a halt in polymer accumulation. This result, 
together with the results obtained from the previous batch experiments seems to confirm that 
glycogen cannot be degraded beyond a certain level and that it can be a limiting factor for 
further polymer accumulation. However, there is another factor that may be influencing the 
culture’s PHA accumulation capacity: inhibition by an organic compound present in the 
fermented molasses matrix. 
Throughout the batch experiments performed with fermented molasses, their matrix and 
therefore, organic compounds that constitute it, are being concentrated. In between pulses, 
some of the supernatant is thrown away (mineral medium, water and what remains of the 
fermented molasses), but only the necessary volume that has to be replaced by fresh 
fermented molasses. Thus, the increasing matrix concentration throughout the experiment 
may be inhibiting PHA accumulation. Inhibition by substrate doesn’t appear to be a likely 
explanation for this problem in any of the batch experiments performed, since all the VFAs 
were always completely consumed. 
During the experiment performed with butyrate, there was no glycogen degradation, 
indicating that it isn’t necessary during butyrate uptake and consequent polymer storage. 
Even though there wasn’t glycogen limitation, PHA stopped being accumulated while there 
was still butyrate available for this process. In this case none of the possible reasons 
described above can justify this result. Actually, this experiment led to odd results: the lowest 
polymer storage yield on VFA (0.444 Cmmol/Cmmol); the highest consumption rate (higher 
than any other VFAs consumption rate when fed alone or as a mixture in the fermented 
molasses); and PHA stopped being accumulated even though there was no glycogen 
limitation and no VFAs limitation. 
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The outcome of the experiment performed with butyrate could be the result of preferential 
butyrate consumption by microorganisms that don’t accumulate PHA. Hence, at the end, 
there will be a low average PHA content and a low PHA accumulation yield. This supposition 
could also explain the high butyrate consumption rate achieved. 
Regarding the experiment conducted with valerate, glycogen wasn’t degraded while in the 
case of propionate, a small amount of glycogen was produced concomitantly with polymer 














FIGURE 18 Batch experiment performed with two pulses of synthetic acetate as substrate (B11). 
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FIGURE 20 Batch experiment performed with two pulses of synthetic propionate as substrate (B13). 
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FIGURE 21 Batch experiment performed with two pulses of synthetic valerate as substrate (B9). 
 
Analysing both Table 4 and Figures 18 to 21, it also stands out that 3HH wasn’t synthesised 
with any of the single substrates (Δf3HH = 0 for the four experiments), 3H2MV was produced 
only when valerate or propionate were fed to culture and 3H2MB was produced when 
acetate, propionate or valerate were provided. Supplying butyrate to the culture resulted 
mainly in the production of 3HB and a residual amount of 3HV. As expected, acetate and 
butyrate resulted mainly in 3HB synthesis while propionate and valerate resulted mostly in 
3HV. Considering more carefully the results obtained for the batch experiment performed with 
valerate (B9) it is visible that instead of all the valerate being directly converted to 
hydroxyvaleryl-CoA and then to 3HV, some of it was broken down to acetyl-CoA and 
propionyl-CoA, since 3HB, 3H2MB and 3H2MV were synthesised. 
The highest polymer storage on VFA yield was obtained for the experiment conducted with 
valerate, YPHA/VFA = 0.838 Cmmol/Cmmol, while the lowest was obtained when butyrate was 
fed to the culture, YPHA/VFA = 0.444 Cmmol/Cmmol. The polymer storage on VFA yields and 
global yields obtained for these four batch experiments lead to affirm that valerate and 
acetate are preferred by this mixed culture for PHA accumulation in detriment of butyrate and 
propionate that led to lower storage yields and higher respiration yields (Table 4). Although 
the storage yield with butyrate was quite low, this was the VFA with the highest consumption 
rate (Table 5), followed by acetate and valerate with similar consumptions rates, being 
propionate the slowest to be consumed. The single VFAs were more promptly consumed by 
the culture than when part of the fermented molasses, with the exception of propionate. 3HB 
 46 
Polyhydroxyalkanoates Production by Glycogen-Accumulating Organisms (GAOs) from By-products of the Sugar Industry 
 
accumulation rate was higher with acetate than with butyrate, with a value (0.258 
Cmmol/Cmmol X.h) in the range of the ones obtained for B3 and B5 with fermented 
molasses. The 3HV accumulation rate obtained with propionate is extremely low (0.051 
Cmmol/Cmmol X.h), while the one obtained with valerate is much higher (0.246 
Cmmol/Cmmol X.h), although lower than the values achieved for B3 and B5 with fermented 
molasses. 
Comparing the results obtained for the accumulation phase of B2 with the first pulse of B11, 
the PHA storage yield on VFAs is higher for latter, but the uptake of acetate and synthesis of 
3HB was faster for B2. Since this two batch experiments were performed 134 days apart, 
during B11 a small amount of 3H2MB was produced. 
Regarding the PHA accumulation from fermented molasses, there was still the need to 
confirm the results obtained and to pursuit better storage yields and ratios, therefore a third 
batch experiment with fermented molasses was conducted (B12). It had already been 
established that it was better to supply the fermented molasses in low concentration pulses; 
hence in this batch experiment three pulses of approximately 35 CmM in VFAs were fed to 














FIGURE 22 PHA batch accumulation test (B12) where fermented molasses were fed in three pulses of 
approximately 35 CmM in VFAs to the culture. 
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This batch experiment resulted in a storage content of 31.6% of dry cell weight and the 
polymer produced had the following monomers proportion in %mol, 60.2 : 2.3 : 13.4 : 1.2 
:22.8 3HB:3H2MB:3HV:3H2MV:3HH, although no 3H2MV was synthesised. The amount 
detected was already present in the cells when collected from the SBR. 
During this batch accumulation test, polymer was synthesised almost until the end of the third 
substrate pulse. In spite of the fluctuations of the polymer curves in the graphic, it is safe to 
say that PHA was accumulated until minute 205, at the same time as glycogen degradation 
has come to an end, as was observed before. As usual the highest storage yield on VFAs 
was obtained for the first pulse (YPHA/VFA = 0.822 Cmmol/Cmmol) being considerably lower for 
the other two pulses (Table 4).  
Batch experiment B12 resulted in the highest growth yields, between 0.042 and 0.030 
Cmmol/Cmmol due to a higher input of ammonia, present in the fermented molasses, than in 
B3 and B5 (0.49 mM in B12; 0.17 mM in B5 and 0.14 mM in B3). 
This experiment was performed 137 days after B3 and 109 days after B5. As explained 
above (3.1. Selection of an enriched GAO culture) there was a slow change in the SBR 
population over time that manifested itself mainly on the polymer composition. Therefore, it is 
natural that the polymer composition from B12 had a higher contribution of 3HH (22.8% for 
B12; 6.4% for B5 and 0.8% for B3) and the new monomers 3H2MB and 3H2MB appeared, 














FIGURE 23 Detailed evolution of the predominant VFAs consumption and PHA monomers synthesis 
during batch experiment B12. 
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From the analysis of the graphic in Figure 23 it is visible once again the relation between 3HV 
synthesis and propionate consumption; once the latter ends, 3HV stops being produced, a 
behaviour evident on all three pulses. 
This batch experiment also confirmed what had been already observed in B3 and B5: 3HH is 
only synthesised when fermented molasses are used as carbon substrate. When the single 
substrates were fed to the culture 3HH was never synthesised. The reason for this wasn’t 
identified yet, but it is possible that the 3HH synthesis is related with some organic compound 
present in the fermented molasses or to the mixture of VFAs. 
Considering B12 kinetic parameters, the VFAs consumption rates didn’t vary significantly 
comparing with B3 and B5. However, glycogen consumption rate was considerably lower 
(0.066 Cmmol/Cmmol X.h for the first pulse) than the values obtained for B3 (0.138 
Cmmol/Cmmol X.h for the first pulse) and B5 (0.108 Cmmol/Cmmol X.h for the first pulse). 
3HB accumulation rate was also lower for B12, but the 3HH accumulation rate was the 
highest so far. 
In what concerns to the kinetic parameters obtained for all batch experiments, shown in Table 
5, and the same parameters shown in Table 3 for all cycle studies, the most important remark 
to make is that the VFAs consumption rates and PHA accumulation rates are higher for the 
batch experiments. This is simply because the batch experiments were performed under 
aerobic conditions while the polymer accumulation during the cycle studies occurs under 
anaerobic conditions. Nevertheless, anaerobicaly, the culture is capable of a more efficient 
conversion of substrate to PHA, leading to the consideration that an anaerobic batch 
experiment with fermented molasses as substrate should be attempted. 
Either one of the PHA storage yields on VFAs achieved during the first pulse of B3 or B12 is 
higher than the highest value reported by Albuquerque et al. (2007), 0.62 Cmmol PHA/ 
Cmmol VFA, attained with a culture selected under feast and famine conditions with acetate, 
but using fermented molasses as the carbon source for the batch experiment. The storage 
yield on VFAs obtained for B12 (0.748 Cmmol/Cmmol) is similar to the one obtained by Dai et 
al. (2007), (0.75 Cmol/Cmol) as a result of an aerobic batch experiment with excess acetate, 
with a GAO enriched culture under anaerobic-aerobic conditions. Although the result was 
similar, this experiment (B12) has the advantage of using fermented molasses as carbon 
source, instead of a pure carbon substrate. Nevertheless, the maximum PHA cellular content 
achieved, 37% of DCW, is lower than the one achieved by Dai and co-workers, 41%. 
The PHA storage yields on VFAs achieved during the first pulse of B3 or B12 (0.938 
Cmmol/Cmmol and 0.748 Cmmol/Cmmol respectively) are also higher than the highest value 
reported by Bengtsson and co-workers (2008), 0.67 Cmol/Cmol, using a culture selected 
under ADF conditions with fermented paper mill wastewater. However, a higher PHA cellular 
content was achieved by these authors (48% of TSS). 
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Serafim et al. (2004) obtained polymer storage yields on acetate between 0.59 and 0.80 
Cmmol HB/Cmmol Acetate. The value obtained for the first pulse of B3 is higher and the 
value achieved for the first pulse of B12 is in the range of those obtained by Serafim and co-
workers. But once again, the polymer cellular content achieved in this work is lower than the 
values reported by these authors (78.5%). 
 
3.2.1. Polymer physical properties 
P(3HB) is a highly crystalline polymer, with crystallinities reported in the literature between 30 
and 56%, a melting temperature of 178o oC, a glass transition temperature ranging from -5 C to 
5o -6C and an average molecular weight as high as 3x10  (Dias et al., 2006). 
As the proportion of another monomer like 3HV increases in a copolymer, its melting 
temperature decreases as well as its crystallinity, comparatively to P(3HB). Table 6 
summarises some examples found in the literature of copolymers of 3HB and 3HV produced 
by pure and mixed cultures, where the effect of 3HV on the physical properties of the polymer 
is illustrated. 
 
TABLE 6 Physical properties of PHAs produced by pure and mixed cultures found in the literature. 
Bacteria % 3HV Mw Tg (o oC) Tm ( C) % Cryst. Reference 
Azobacter 
chroococcum 20 1.6x10
6 -6.3 116.4 30.9 Savenkova et al., 2000 Pure 
cultures Ralstonia 
eutropha 24 2.9x10
5 — 138.0 27.9 Kunioka and Doi, 1990 
ADF 30 1.8x106 — 141.0 4.0 Reis et al., 2003 Mixed 
Cultures Anaer.-Aer. 30 2.5x105 -3.9 106.0 28 Dai et al., 2007 
 
All the melting temperatures summarized in Table 7 are lower than the melting temperature 
reported for pure P(3HB), and are all much lower than the decomposition temperature (Td), 
which means that the polymers produced in the different batch experiments would be easily 
processed, without risk of decomposition. The highest crystallinity values correspond to the 
polymer produced from acetate (B2 and B11), while the lowest correspond to polymers 
produced from fermented molasses (B3 and B5), indicating that the use of a mixture of VFAs, 
results in a more elastomeric polymer. The melting temperatures that were able to be 
determined are all double, with the exception of B11’s melting temperature. As explained by 
Nomura and co-workers (2005), and considering that these are in fact SCL-MCL copolymers, 
the lower temperature melting peaks are from their respective original crystals, while the 
higher temperature melting peaks may be due to the recrystallization of the copolymer during 
the heating process (Nomura et al., 2005). 
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The average molecular weights attained for all the polymers are in the range of values 
reported for polymers produced by pure cultures and other mixed cultures. The polydispersity 
of the polymers produced from acetate (B2) and valerate (B9) are very high. The remaining 
values are within the range of values obtained for polymers produced with mixed cultures 
(Dias et al., 2006). 
Unfortunately, not all the physical polymer properties could be determined on time to be 
presented here. 
 
TABLE 7 Physical properties summary of the PHAs produced during the different batch experiments. 









(ºC) (ºC) (%) 
3HB:3H2MB:3HV: 
3H2MV:3HH 
Mn Mw  Mn 
B2 99.4 — — 163.8 171.8 282.2 54.8 91.1 : 0 : 8.9 : 0 : 0 6.2x104 3.8x105 6.2 
B3 98.0 - 6.6  155.0 166.0 277.2 15.0 56.2 : 0 : 43 : 0 : 0.8 1.9x105 3.5x105 1.8 
5B5 82.7 - 8.9 2.02 130.3 144.0 287.5 20.7 66.5 : 0 : 27.1 : 0 : 6.4 1.9 x10 4x105 2.1 
82.4 : 5.5 : 7.5 : B8 76.2 3.1 — 136.3 149.9 294.2 36.6 
2.6 : 1.9 
4.9x105 1.1x106 2.3 
11.8 : 4.9 : 78.3 : 
B9 — - 11.7 — — — 293.1 — 4.4 : 0.6 2.4x10
5 9.2x105 3.8 
89.9 : 3.7 : 4.4 : B11 110.3 — — 171.0 — 289.9 54.7 0.8 : 1.2 6.6x10
5 1.2x106 1.8 
60.2 : 2.3 :13.4 : B12 72.0 - 4.6 — — — 294.2 — 1.2 : 22.8 3.1x10
5 6.5x105 2.1 
B13 — — — — — — — 11.6 : 6.1 : 62.8 : — — — 
14 : 5.5 
Tc – crystallisation temperature; Tg – glass transition temperature; Tm – melting temperature; Td – 
decomposition temperature; Cryst – crystallinity; Mn – number average molecular weight; Mw – average 
molecular weight; Mw/Mn – polidispersity. 
 
3.2.2. Large scale production perspectives 
Sugar cane molasses are a by-product of the sugar refinery industry. In Portugal, 360 000 
tons of sugar are produced per year and 80% of this amount is produced from sugar cane. As 
a result, 90 000 tons of sugar cane molasses are produced each year. Worldwide, 150 million 
tons of sugar are produced each year, of which 75% is produced from sugar cane. 
Consequently, 45 million tons of sugar cane molasses are produced. Worldwide, a ton of 
sugar cane molasses costs between 50 and 60 €, while in Portugal it costs around 85 €/ton 
(Refinarias de Açúcar Reunidas (RAR), personal communication). 
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Sugar cane molasses have a high sugar content – over 50% dry weight (Albuquerque et al., 
2007), making it an excellent candidate for acidogenic fermentation for VFAs production. The 
sugars conversion yield to VFAs achieved in the acidogenic fermenter at pH 6 and a C:N:P 
ration of 100:3:1 is 0.404 gVFAs/g molasses (Albuquerque, personal communication). 
In order to compare the PHA production cost by a mixed culture with PHA production cost by 
a pure culture, the analysis conducted by Choi and Lee (1997) was used. This economic 
evaluation for P(3HB) production by fermentation was based on polymer production by pure 
cultures. In order to do a simple comparison of the PHA production cost using pure and 
mixed cultures, the value determined by these authors for the weight of the carbon source will 
be used: an average value of 43.7% of total operating costs for the production of an average 
50000 tons/year of P(3HB) correspond to raw materials and 70 to 80% of the raw materials 
correspond to the carbon source. However, a more recent study (Gurieff et al., 2007) on the 
economic evaluation of PHA production by mixed cultures has come to the conclusion that 
nearly 60% of the PHA production cost by a mixed culture, using a wastewater stream from a 
food industry manufacturing process corresponded to energy expenses. 
For the simple assessment of the viability of a PHA production process with a GAO enriched 
culture in an anaerobic-aerobic reactor, both B3 and B12 batch experiments will be taken in 
consideration. Batch experiment B3 gave better results in terms of polymer storage yield on 
VFAs, being performed with a higher proportion of propionate than butyrate. The fermented 
molasses used for batch experiment B12 had a higher proportion of butyrate than propionate, 
but the experiment resulted in a slightly lower polymer storage yield on VFAs. Table 8 details 
the global PHA yield on molasses obtained for both batch experiments and the amount of 
polymer that could be produced if all the sugar cane molasses produced annually in Portugal 
would be used for PHA production. 
 
TABLE 8 PHA storage yield on VFAs, PHA storage yield on molasses and amount of polymer that could 
be produced using B3 and B12 conditions. 
 YPHA/VFA (g/g) YPHA/Molas (g/g) Tons of PHAa
B3 0.716 0.289 26 050 
B12 0.519 0.210 18 900 
a) Considering that all the sugar cane molasses produced annually in Portugal were used for PHA production. 
 
Taking into account the sugar cane molasses national and worldwide price, the carbon 
source contribution to production cost would range between 0.05 and 0.085 €/kg PHA. 
Considering the different possible scenarios (YPHA/Molas, carbon source weight, and sugar cane 
molasses price), the following interval was determined for the PHA production cost using this 
process: between 0.49 €/Kg and 1.32 €/Kg. The lowest production cost value estimated by 
Choi and Lee (1997) was 2.56 €/Kg for the production of one million tons of P(3HB) by 
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recombinant E. coli with hydrolysed corn starch as carbon source. The value estimated for 
the production of PHAs with this mixed culture process with fermented sugar cane molasses 
is therefore quite attractive. 
 
3.3. C-NMR experiments 13
 
3.3.1. NMR experiment with 2-13C-acetate 
A three-phase experiment with labelled acetate was conducted to simulate an anaerobic-
aerobic SBR cycle followed by an aerobic accumulation test. First a 30 13CmM pulse of 
labelled acetate was fed to the cells under anaerobic conditions. Spectra were sequentially 
acquired until complete exhaustion of acetate. The consumption of labelled acetate led to the 
labelling of the polymer produced, both in carbons 2 and 4 of 3HB. By the end of this phase, 
pH had risen to 8.6, being afterwards adjusted to 7.15. After total acetate consumption an 
aerobic phase started where the polymer previously accumulated was converted to glycogen, 
labelling this cellular reserve. By the end of this phase, pH had again risen up to 8.3, being 
then adjusted to 7.15. Finally, a second aerobic phase took place, by supplying two pulses of 
non-labelled acetate to final concentration of 20 CmM and 30 CmM respectively. The purpose 
of this experiment was to find out exactly what happens to glycogen when it is degraded 






















13FIGURE 24 Series of spectra taken during the first anaerobic phase of the 2- C-acetate NMR 
experiment, showing the progression of different components and graphic representation 
of the time evolution of 2-13C-acetate, 4-13C-3HB and 5-13C-3HV. 
 53 
Polyhydroxyalkanoates Production by Glycogen-Accumulating Organisms (GAOs) from By-products of the Sugar Industry 
 
The first anaerobic pulse occurred as expected, with a simultaneous consumption of acetate 
and production of PHA, changes that could be tracked due to the signal of the labelled 
carbons, as shown in Figure 24. The labelled acetate was consumed to produce mainly 3HB 
labelled on C2 and C4 and a small amount of 3HV labelled on C5. Regarding 3HB, the 
graphic only represents the time evolution of 4-13C-3HB, but 3HB is also labelled on carbon 2, 
hence, no accurate quantification can be achieved without considering all labelled carbons. 
During this phase, other peaks (with resonances at 14.31, 27.51, 30.20 and 53.17 ppm) 
evolved over time but their identity couldn’t be elucidated. However, the resonances at 30.20 
and 53.17 ppm could eventually belong to carbons C4 and C2 of acetoacetyl-CoA 
respectively, a precursor of 3-hydroxybutyryl-CoA. 
The following aerobic phase, portrayed in Figure 25, also resulted as expected. There was 
PHA consumption, as can be seen through the decrease of the peaks assigned to 3HB and 
3HV and the increase of the peaks assigned to glycogen and to CO2. There was also an 
increase over time of the peaks assigned to glutamic acid, synthesised from α-ketoglutarate, 












































C-acetate NMR experiment 
(glycogen replenishment), showing the progression of the different components and graphic 
representation of the time evolution of 4-13C-3HB, 5-13C-3HV and 6-13C-glycogen. 
 
The third phase of the experiment, where two pulses of unlabelled acetate were supplied to 
the cells to a final concentration of 20 CmM and 30 CmM, under aerobic conditions didn’t 
proceed as expected. During this phase, aimed at replicating an aerobic batch experiment 
with cells collected from the SBR at the end of the aerobic phase of the cycle, there was 
mainly respiration, given that there was a considerable increase of the CO2 peak over time 
(Figure 26). The second most significant result of this third phase was the progress of the 
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3HV C5. It was also visible the consumption of glycogen, due to the decrease of all peaks 
assigned to this molecule. Both of these observations indicate that some of the glycogen 
degraded under aerobic conditions supplies 3HV precursors for PHA synthesis. Glutamic acid 





























13FIGURE 26 Series of spectra taken during the second aerobic phase of the 2- C-acetate NMR 
experiment, showing the progression of the different components. 
 
3.3.2. NMR experiment with 4-13C-butyrate 
13The first experiment conducted with 4- C-butyrate under aerobic conditions, was aimed at 
better elucidating PHA synthesis from butyrate, given that the batch experiment previously 
performed with butyrate (B8) gave rise to the lowest storage yields achieved for all the VFAs. 
The labelled butyrate supplied to the cells was almost completely consumed, resulting mainly 
in 3HB labelled on C4 and a residual amount of 3HV labelled on C5, as portrayed in Figure 
27. There was also a residual production of glycogen, given that the peaks assigned to this 
compound increased over time, namely C2 (55.29 ppm), C6 (61.11 ppm), C2 and C5 (71.55 
ppm) and C1 (100.29 ppm). The aerobic synthesis of glycogen, even if residual, wasn’t 
expected. This outcome confirms that butyrate alone is not a preferable VFA for aerobic PHA 


























FIGURE 27 Series of spectra taken during the aerobic uptake of 4-13C-butyrate, showing the 
progression of the different components and graphic representation of the time evolution 
of 4-13C-butyrate, 4-13 13C-3HV. C-3HB, CO2 and a residual amount of 5-
 
A second experiment with 4-13C-butyrate was planned, with new cells, similar to the 
experiment previously performed with 2-13C-acetate, in order to emulate an anaerobic/aerobic 
SBR cycle followed by an aerobic accumulation test with labelled butyrate. However, the 
labelled butyrate added to the cellular suspension, to a final concentration of 20 13CmM, took 
an extremely long time to be consumed (approximately 6h). In addition, the experiment had to 
be interrupted several times, when the uptake of butyrate seemed to have stopped. Every 
time the experiment was interrupted, pH had increased significantly (around 8.5) and was 
adjusted before restarting the spectra acquisition. The high pH value achieved during 
butyrate uptake was probably partly responsible for the slow metabolic changes observed 
during this experiment. The uptake of butyrate resulted exclusively on the formation of 3HB 























FIGURE 28 Series of spectra taken during the anaerobic uptake of 4-13C-butyrate, showing the 
progression of the different components and graphic representation of the time evolution 
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4. CONCLUSION AND FUTURE WORK 
 
This work was aimed at testing different PHA accumulation strategies by an already enriched 
GAO culture selected with fermented sugar cane molasses, in order to achieve a high 
polymer storage yield and a high polymer cellular content. A high polymer storage yield on 
substrate is a synonym of high accumulation efficiency, necessary for a profitable PHA large 
scale production process. A high polymer cellular content is also important, so that a high 
recovery yield can be attained with the lowest possible cost. 
The PHA storage yield on VFAs achieved for the batch experiments conducted with 
fermented molasses as the carbon source are promising (0.938 and 0.748 Cmmol/Cmmol for 
B3 and B12 respectively) and are in the range or higher than those reported for mixed 
cultures by other authors (Albuquerque et al., 2007; Bengtsson et al., 2008; Dai et al., 2007; 
Serafim et al., 2004). The highest PHA cellular content achieved (37% of DCW) was 
significantly lower than the values reported by pure cultures with pure substrates – 80 to 90% 
– (Lee, 1996a) and mixed cultures with pure substrates – 66.4% of PHB – (Serafim et al., 
2004), however, it is still a high enough PHA content for efficient recovery. 
The four batch experiments carried out with the single VFAs were very useful to understand 
how the bacterial culture responded to each one of them. The results obtained, specifically 
the eventual limiting effect of glycogen level on PHA accumulation, also opened a path for 
future work. It would be important to perform a three phase batch experiment where the first 
two phases would be identical to the anaerobic-aerobic SBR cycle, but with a higher carbon 
load and a third phase of aerobic accumulation. The goal of this experiment is to increase the 
culture’s glycogen reserve prior to aerobic PHA accumulation, with the purpose of achieving 
higher polymer accumulation ratios. Another path of research would consist of manipulating 
the feed in order to attain the best composition (a higher concentration in acetate and 
valerate, for example) and consequently higher storage yields and controlled product 
composition. However, before new research paths are pursued, two questions should still be 
answered: what is the effect of the molasses matrix on the storage process and what is the 
effect of the combination of VFAs on the storage process. 
To answer the first question, a batch experiment should be carried out with a mixture of 
synthetic VFAs as substrate that emulates the fermented molasses VFAs composition to see 
if the matrix has any influence on the accumulation process. Albuquerque and co-workers 
(2007) have done a batch experiment like the one proposed. They have come to the 
conclusion that the polymer storage yield isn’t influenced by the fermented molasses matrix, 
but the VFAs uptake rate and polymer accumulation rates were significantly higher with the 
mixture of synthetic VFAs. It appears that the fermented molasses matrix has some inhibitory 
effect on the accumulation process by that culture. 
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The proposed batch experiment with a mixture of VFAs replicating the VFAs composition in 
the fermented molasses could also clarify if it is the mixture of VFAs or the matrix of the 
fermented molasses the responsible for 3HH synthesis, given that this monomer is produced 
only when fermented molasses are fed to the culture. 
The second question could be elucidated by performing several batch experiments with pairs 
of VFAs with the purpose of seeing if there are “symbiotic” associations between VFAs (better 
uptake of one VFA due to the presence of another one). 
Regarding the culture itself, it has revealed to be robust and truly enriched in glycogen-
accumulating organisms with confirmed PHA storage ability. The culture has been slowly 
adapting to the operational conditions imposed on the bioreactor, including the carbon 
source. Therefore it is not a steady state culture and both microbiological and metabolic 
changes have occurred. The population was primarily enriched in Candidatus Competibacter 
phosphatis but has evolved over time to a culture predominantly composed of Defluviicoccus 
vanus related tetrad forming organisms. The continuation of the reactor operation could 
reveal if the culture will reach a steady state or if it will continue to change its composition. 
The modifications of the culture composition were accompanied by changes in the polymer 
composition. Initially the culture was producing mainly 3HB and 3HV and vestigial amounts of 
3HH. The amount of 3HH synthesised by the culture either in the selection reactor or during 
batch experiments has increased over time, becoming as important as 3HB and 3HV. The 
monomers 3H2MB and 3H2MV also started to be synthesised, but always in small amounts. 
These findings are very promising, given that the presence of MCL monomer units in the 
polymer confers more desirable material properties, such as a more elastomeric behaviour. In 
addition, the only reports about the synthesis of MCL-SCL PHAs employ pure bacterial 
cultures, making the results achieved in this work unique. 
The polymers recovered from the cells at the end of the batch experiments performed had 
interesting physical properties – high molecular weight, acceptable polydispersity, high 
decomposition temperatures, low melting points and the polymers produced from fermented 
sugar cane molasses had low crystallinity, hence a more elastomeric behaviour, a desired 
characteristic in polymers. Such polymer could be used in different applications, mostly low 
added value products such as packaging films, agricultural mulch film, trash bags, lawn and 
leaf bags, among others. The use of polymer from an open mixed culture for high value 
products such as medical and pharmaceutical products would be more problematic due to 
sterility problems and to quality and composition reproducibility requirements. 
In spite of the motivating outcome of this study, the PHA production process studied here still 
needs to be better understood and to be improved, given that it has shown to be more 
complex than anticipated. It is a truly green technology for producing a biological and 
biodegradable polymer. Comparatively to other processes (aerobic dynamic feeding), it has 
the advantage of comprising an anaerobic phase. In a large scale process, no inert gas would 
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be supplied during the anaerobic phase, thus reducing energy costs with aeration. The PHA 
production process could be installed in a wastewater treatment plant, where the sludge 
removed from the water treatment process would be transferred to the PHA production 
reactor, together with the carbon source. 
Overall, the process studied in this work has shown to have potential for cost effective PHA 
production, given that the bacterial culture used has confirmed PHA accumulation capacity, is 
able to produce PHAs with attractive composition and physical properties and is able to use a 
complex and cheap carbon substrate. The value range determined for the production cost 
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